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Abstract
The research conducted in this dissertation was done to obtain a
fundamental understanding of the formation of droplets in a drop-on-demand
(DOD) inkjetting setup when the ink contains a polymer additive. The objective is
to precisely control and even predict the forming dynamics and final droplet
characteristics (velocity, size and satellite elimination). A polymeric fluid called
sodium alginate has been gaining attention due to its highly bio-compatible
nature. Solutions of sodium alginate were used as the ink material and in some
cases compared with an equivalent Newtonian fluid (same zero-shear viscosity).
The droplets were inspected in one of two ways: 1) allow the alginate droplets to
fall into a bath of calcium chloride causing gelation, then observing the gelled
droplets (“microspheres”) with use of a microscope camera; or 2) visualizing the
dynamics of droplet formation with a stroboscopic flash photographic system.
The DOD waveform and material property effects on the final droplet
characteristics are extensively studied.
The DOD waveform parameters significantly affected the droplet
formation. Since there are many input waveform parameters that can be adjusted,
it is a great challenge to fundamentally understand and to optimize the printing
process in terms of the DOD process. First, all of the parameters are studied
(voltage amplitudes, dwell times, pulse times and frequency) with a statistical
method do determine those that are most influential for droplet formation using
two different types of input: bipolar and tripolar waveforms. From this it was
found that the bipolar waveform is more robust than the tripolar and that the
voltage amplitude and the dwell time are the most significant waveform
conditions. Then the DOD process was characterized in a single parameter called
the ejection velocity (Dong et al. 2005). The velocity of the ejecting fluid during
the very first moments of ejection is a function of only the waveform and the
material property influence can be neglected. This is true for Newtonian fluids
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and was found to be true for dilute solutions of alginate. Using this ejection
velocity the DOD process can be represented with the Weber (We) number.
In micro-scale DOD inkjet printing, there are also limitations for the ink
material to be printed in order to obtain successful droplet formation (uniform,
single droplets). Since sodium alginate is a polymeric fluid it has a chain-like
molecular architecture, with liquid and solid-like properties which classifies it as a
viscoelastic fluid. In this work, sodium alginate was characterized in terms of its
relevant physical properties. Understanding the ink behavior in terms of its
viscoelastic properties will give insight to the fluid limitations for good
printability (i.e. printing conditions that lead to successful droplet cases). The
alginate solutions were found to lie in one of three regimes according to its
concentration: dilute, semi-dilute unentangled and semi-dilute entangled. The
alginate was compared to a Newtonian ink to observe the viscoelastic behavior
during inkjetting compared to the well-understood Newtonian behavior. The
polymer relaxation time was deduced for the alginate solutions and found to be
dependent on the concentration and determined with the method used by Haward
et al. (2012) for semi-dilute solutions. The viscoelastic properties were
summarized with two dimensionless numbers: Ohnesorge (Oh) and Deborah (De)
numbers that represent the viscous and elastic effects respectively.
With the three dimensionless numbers, a map was constructed as a guide
for DOD printing of viscoelastic fluids. The map shows ranges of Oh, De and We
where successful droplet cases were obtained. The map applies to other fluids and
DOD setups as long as the material properties and the ejection velocity are
known. The experimental results are summarized in this map.
The works detailed in this dissertation resulted in the following
contributions: (1) understanding of bipolar and tripolar waveform performance in
microsphere formation, (2) the characterization of a typical bio-ink (sodium
alginate), identification of dimensionless quantities that capture the DOD
inkjetting process of a viscoelastic ink and creation of a new phase-diagram for
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droplet formability, and (3) the construction and implementation of a numerical
method for modeling DOD viscoelastic jet break-up. The research covered in this
dissertation will offer a better understanding of printing a polymeric ink with a
DOD inkjetting device.
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Chapter 1
Introduction and Motivation

Today more than 115,000 Americans are waiting for organs, according to
the United Network for Organ Sharing [http://www.unos.org/]. That is two large
football stadiums worth of people. From lack of available organs for
transplantation, about 18 people die per day from that list. The gap between
organ-need and organ-availability is only predicted to increase. To add to the
problem of organ-need, the organ-receiver must take large amounts of
immunosuppressants for anti-rejection, which leads to heavy side effects for the
patient and requires continuous surveillance by doctors. After 16-20 years, the
organ receiver has a 50% chance of needing to have the organ replaced. The
natural question that rose out of this problem was: Is there another way to obtain
an organ to be implant into a patient? Organ printing has been offered as a
possible alternative (Mironov 2006).
The field of tissue engineering has been reported to begin in 1987, where
the idea of organ printing began developing across many disciplines. In organ
printing, cells are suspended in the bio-ink (matrix material) and were printed as
building blocks to form a 3D structure (tissue, vessels, etc.). These cell-laden
droplets once gelled are called multicellular spheroids (MCS). It should be noted
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that without the cells, after gelation of the bio-ink droplets they are called
microspheres (MS) rather than MCS. In this field of research, MCS can be used as
avascular tumor models for metastasis and invasion research and for therapeutic
screening as well as ideal building units for tissue and organ reconstruction
[Lin2008]. For bio-printing applications, uniform size distribution guarantees
effective cellular spheroid fusion to form a functional organ construct. Inkjet
printing of these bio-inks, whether cell-laden or the matrix material without cells,
is still a great challenge. Although DOD inkjet technology has been used for
polymeric fluids, little is known about the fundamental droplet forming dynamics,
especially for semi-dilute polymer solutions. Understanding these dynamics is the
motivation for this dissertation in order to progress the field of bio-printing and
other polymeric-based applications.
The objective of this dissertation was to obtain a better fundamental
understanding of the formation of droplets in a drop-on-demand (DOD) inkjetting
setup when the ink contains a polymer additive. From this understanding the
droplet dynamics and final characteristics may be precisely controlled and
predicted. A DOD device was used to print alginate solutions and the droplets are
either observed with a microsphere camera (when microsphere fabrication is of
interest) or with the use of a stroboscopic flash photographic system (when
formation dynamics are of interest). The effects of the DOD waveform and
material properties on the final droplet characteristics are extensively studied. The
droplets were characterized by their size, speed, whether satellite droplets were
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formed, break-up time and rupture length. These characteristics will be used to
formulate predictive methods: a dimensionless map for “successful” droplet
formation as a function of the DOD waveform parameters and material properties;
and a numerical model for DOD droplet dynamics.
The dissertation is organized in the remaining seven chapters: Chapter 2
covers state-of-the-art for droplet formation of Newtonian and polymeric inks
using inkjetting methods. Chapter 3 presents the setup for the experimental
studies. Following are the experimental results and discussion: Chapter 4,
performance evaluation of bipolar and tripolar waveforms in DOD jetting-based
alginate microsphere fabrication; Chapter 5, theoretical and rheological
background for aqueous solutions of sodium alginate; and Chapter 6, DOD for
aqueous solutions of sodium alginate. Chapter 7 introduces a numerical method
for droplet formation in inkjetting. Finally Chapter 8 will summarize all of the
conclusions from this presented work and recommend some future studies.
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Chapter 2
Background
Major highlights in the history of inkjet printing start around two centuries ago when
Savart identified for the first time droplets forming from a fluid jet (Savart1833). Plateau
followed him with an experimental observation that the jet will break-up in to droplets when the
length of the jet is 3.15 times greater than the diameter (1849) (1873). The first analytical work
was done by Lord Rayleigh (1879) for an inviscid jet, and later for a viscous jet (1892). The
original inkjetting device that exploited the jet break-up mechanism was patented by Lord Kelvin
in 1867. This continuous jet printer was ahead of its time as it took nearly a century before
Siemens commercialized continuous inkjet devices in 1951. Not too far behind, the piezo-based
DOD printer was invented by Zoltan (1972) and Kyser et al. (1976), which again was
commercialized by Seimens (1978). This started the evolution of the DOD printer towards a
reliable technology for dispensing a desired material to a precise location.

2.1. Inkjet technology
Nozzle jetting can be implemented in either drop-on-demand (DOD) or continuous jetting (also
called continuous ink jetting, CIJ) with and without external excitation as shown in Fig. 2.1 (a).
In the DOD mode (Fig. 2.1 (b)), droplets are only formed as needed, and the droplet volume is
directly proportional to the applied external excitation pressure pulse due to thermal bubble
expansion or piezoelectric disk excitation. This pressure pulse is further propagated into the fluid
reservoir, generating microspheres as demanded. In the CIJ mode, the liquid is continuously
forced through a small diameter orifice under an external pressure. At the same time, a high-
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frequency external excitation is always introduced to break the jet into many droplets.
While continuous jetting provides a fast microsphere fabrication method, more and more
DOD inkjetting has become the technology of choice for precise micro-deposition applications
due to its scale-up efficiency and process controllability. The major advantage of DOD inkjetting
is the ability to adjust the input waveform parameters for a given fluid ink in order to optimize
the droplet printability and control the size distribution. During DOD jetting, droplets are only
formed as needed, and the droplet volume is a function of the applied excitation pressure, which
can be introduced due to thermal bubble expansion or piezoelectric disk/sleeve excitation.

Piezoelectric
transducer

Piezoelectric
transducer
Chamber
with liquid
solution

Pressure pulse via
piezoelectric device

Chamber
with liquid
solution

dN

Nozzle

Continuous pressure wave via
piezoelectric device

dN

Nozzle

Orifice

Orifice
Jet

dD

Air gap

dD

Air gap

Microspheres

Microspheres

Stir bar in
this study

Stir bar in
this study

(a)

(b)

Fig. 2.1 (a) DOD and (b) CIJ jetting schematic (Herran et al. 2010)

The external excitation waveforms in DOD jetting can be selected based on application
needs. Typical waveforms are basic/unipolar (Bogy and Talke 1984, Reis et al 2005, Shore and
Harrison 2005, Jo et al 2009, Kwon 2010), bipolar (Gan et al 2009, Herran and Huang 2012),
and tripolar (Chen and Basaran 2002, Gan et al 2009, Shin et al 2011) in terms of the polarity of
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applied square-wave voltage pulses. It is found that the bipolar and tripolar excitations can be
tuned to reduce the droplet size (Chen and Basaran 2002, Gan et al 2009, Casterjon-Pita 2011)
and minimize the formation of satellite droplets (Gan et al 2009, Shin et al 2011). Generally, the
droplet size increases with the applied voltage amplitude (Dohnal and Štěpánek 2010, Shin et al
2011, Herran and Huang 2012). However, the systematic understanding of formability
performance under the bipolar and tripolar excitations is still missing, which will be addressed in
this work.

2.2. Drop-on-demand jetting with Newtonian ink
The vast majority of DOD work done has been using Newtonian fluid inks. An
experimental study by Dong and Carr (2006) showed that either the primary droplet will be
larger or more satellite droplets will form with a higher voltage amplitude. The dwell time, the
time between the voltage changes, was first theoretically studied by Bogy and Talke (1984).
They modeled the dwell time effect on the droplet velocity by describing and predicting the
pressure waves that are created in the channel with each piezoelectric pulse. They showed that
since the waves reflect inside the nozzle channel, the resulting droplet velocity dependent on the
wave alignment, and when the pressure waves are synchronization the positive pressure at the
orifice is augmented leading to the maximum amount of ejected fluid. The corresponding dwell
time is called the “optimal dwell time”, and depends on the nozzle channel length (between the
orifice and the reservoir) and the wave speed in the ink medium. Kwon (2009) followed this
work with an extensive study on the dependence of the meniscus motion on the dwell time. If
both the channel length and the wave speed are known, then the optimal dwell time can be
predicted. This was found to be the dwell time at which the jetting speed is highest (Kwon 2009).
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Chen and Basaran (2002) report that strategically choosing the waveform parameters can
significantly reduce the droplet size for a given nozzle fixture. In DOD, the droplet printability is
also greatly affected by the material properties. Dong and Carr (2006) show the effect of
Newtonian material properties on the break-up time and the droplet formation stages. Jang et al.
(2009) studied the effect of the inverse Ohnesorge number Z  R0 /  on the droplet
formation and defined a range for DOD printability (4< Z<14), where R0 is the orifice radius,  is
the density,  is the viscosity and  is the surface tension. If Z<4 the pressure pulse is not high
enough and no fluid is ejected, and if Z>14, one or more satellite droplets form instead of single
droplet.

2.3. “Bio-ink” droplet formation
The liquids that are used for biological applications are typically polymeric non-Newtonian
and are considered “complex fluids”. At high shear rates, the complex fluid may experience
viscosity reduction, called shear thinning. The complex fluid may also exhibit elastic properties
due to the chain-like molecular architecture inherent to polymers, making it a viscoelastic fluid.
Under a high shear flow as is the case for inkjet printing when ejecting out of the nozzle and
close to break-up, the molecular chains are being stretched and relaxed which adds elasticity to
the flow dynamics and leads to a behavior different than a Newtonian fluid.
Droplet formation from a viscoelastic fluid involves inertial, capillary, viscous and
viscoelastic forces. A number of studies have investigated the non-Newtonian effects on droplet
formation. According to Bhat et al. (2010), a long-lived filament or thread may remain connected
between the droplet and the nozzle or beads-on-a-string (BOAS), which are droplets still
connected by a thread and will give satellite droplets when the thread breaks up. Tirtaatmadja et
al. (2006) show that the polymer relaxation time affects the droplet formation behavior and that
7

this relaxation time is not only a function of molecular weight as defined by the Zimm model,
but also of the polymer concentration. White et al. (2002) experimentally compared a lowviscosity polymer (PEO) with its equivalent Newtonian fluid (i.e. similar zero-shear viscosity,
density and surface tension). They found that when the fluids are dripping from a nozzle, the
elastic effects from the polymer come into play most significantly during pinch-off. That is the
filament thinning occurs at an exponential rate, which differs from the linear behavior of a
viscous filament and the power law of an inviscid filament.
Many authors have investigated the formation and stretching of filaments and their break-up
(Clasen et al. 2006). The different cases encountered depend mostly on the effects of the
molecular weight and/or the concentration, as Tirtaatmadja et al. (2006) for low viscosity elastic
fluids and as Anna and McKinley (2001) for viscous fluids. Shore and Harrison (5005) showed
that satellite droplets can be suppressed by using a polymer (PEO) with a sufficiently large
molecular weight compared to an equivalent zero-shear viscosity Newtonian fluid. Tirtaatmadja
et al. (2006) found that even with low polymer concentrations, the molecules can be highly
extended during the approach to the pinch region without significant viscous effects. This
opposes break-up and creates a long-lived thin filament which is not seen with the corresponding
Newtonian fluid.
A further review of area on printing polymer and other non-standard inks can be found in
Basaran et al.’s recent review (2013).

2.4. Drop-on-demand jetting with non-Newtonian ink
As the mentioned studies deal with non-Newtonian droplet formation, there are fewer that
discuss the DOD approach. Yan et al. (2011) used PEO to see how the addition of polymer

8

remaining in the dilute regime effects droplet formation. They conclude that increasing the
polymer content increases the break-up time, decreases the droplet speed and may decrease the
satellite formation, even if the change in viscosity is small. Hoath et al. (2012) established dropon-demand jetting limits for polymer solutions and defined criteria bound in the Weissenberg
number (Wi). Wi is defined as U 0 1 / d , where U0 is the initial droplet speed, d is the initial length
of the filament and  1 is the relaxation of mode 1. The effect of polymer on the droplet ejection in
DOD was studied by Gan et al. (2009) who used PEDOT as a polymeric fluid and compared
their results with a Newtonian fluid of equivalent viscosity. They found that higher voltages are
necessary for the ejection of the fluid. Xu et al. (2007) used a polymeric fluid (cellulose ester) in
DOD to study the role of polymer concentration on droplet formation. They visualized and
studied the ligament stretching as a function of the applied voltage in the dilute and semi-dilute
regimes. They concluded that when formulated with the reduced concentration c/c*, where c* is
the coil overlap concentration, the polymer rupture behavior is similar regardless of molecular
weight. For c/c*<1, as the reduced concentration increases, the fluid shows an increasing
viscoelastic behavior. As c/c*>1 the ligament break-up length decreases as the break-up time
increases when the reduced concentration increases. This is due to the chain entanglement.

2.5. Objective of present work
DOD inkjet printing of polymers has its advantages over other methods. It is an additive
manufacturing process, meaning less wasted materials. DOD also avoids contamination as it is a
non-contact process. Both of these advantages are especially important for sensitive materials as
the case for biological applications.

9

In this dissertation the objective is to characterize the DOD waveform to obtain single and
uniform (“successful”) droplets using a viscoelastic bio-ink (aqueous solutions of sodium
alginate). First the formation of microspheres will be discussed as a function of individual
waveform parameters for a bipolar and tripolar input excitation. This will be the foundation for
identifying the most significant parameters for further in-depth study. For aqueous solutions of
sodium alginate, the intrinsic viscosity and molecular weight will be experimentally determined.
The critical overlap concentration will be deduced and the relaxation times will be defined in the
case of dilute or semi-dilute solutions in terms of the concentration. Knowing the geometrical
and the material parameters, the DOD printing results are summarized and discussed: effect of
voltage and dwell time on droplet size, velocity, length traveled by the droplet, filament length,
break-up time and length break-up. The results will be compared with the printing of a
Newtonian fluid and summarized in a phase diagram. The effect of the concentration will be
studied next and regimes for the fabrication of good successful droplets will be defined in terms
of the non-dimensional parameters: the Weber, Ohnesorge and Deborah numbers. In some cases,
a comparison will be done between the viscoelastic ink and its equivalent Newtonian ink (i.e.
same zero-shear viscosity). The voltage amplitude, dwell time and polymer concentration are
important parameters in DOD printing for controlling droplet formation. The aim of this study is
to construct a dimensionless map of the DOD waveform parameters and material properties for
that can be used for those seeking to obtain successful droplets. These results will then be used to
develop a numerical model as a predictive tool for DOD printing of aqueous solutions of sodium
alginate.
The dissertation consists of the following main tasks for achieving the objective to
understand the effect of inkjetting operating conditions and material properties (Newtonian
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and/or viscoelastic) on droplet and microsphere formation. The framework of the different tasks
is shown in Fig. 2.2.

Formation of alginate
microspheres
Influence of waveform
• Voltage, dwell times, pulse times,
frequency
Influence of fluid
• Concentration for fixed temperature

Predominant
parameters

Formation of
alginate droplets
Cases for
successful
droplets

Concentration
regimes

Experimental with imaging
system
• Influence of waveform
• Influence of concentration
Numerical
• Finding material model for
alginate

Fluid
characterization
Shear viscosity
Intrinsic viscosity
Molar mass
Relaxation time
Etc …

Fig. 2.2 Framework for study of precision control inkjetting
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Chapter 3
Experimental set-up
This chapter introduces the experimental setup for microsphere and droplet formation.
Key parameters and features that will be referred to throughout the thesis are defined here.

3.1. General setup
Sodium alginate was selected as the ink material. The sodium alginate (Product W201502,
Sigma-Aldrich, St. Louis, MO) solution was dispensed using a 120 µm MicroFab MJ-ABL-01120-6MX dispense head (MicroFab, Plano, TX). Sigma Aldrich specified a molecular weight
range of 20-40 kDa for 1% weight percent solution in the 5-40 cP viscosity range. More detail on
the alginate ink material will be covered in Chapter 5. The DOD excitation pulse was generated
using a MicroFab Jet Driver (MicroFab, Plano, TX). A pneumatic controller was used to adjust
the backpressure of the liquid chamber/reservoir of the dispense head to obtain an ideal meniscus
for good droplet formation. During the experiments, the backpressure was controlled ranging
from 3.0 to 1.2 kPa to guarantee a good droplet formation condition. All physical dimensions
(e.g. microsphere or droplet diameter) were determined using ImageJ.
The external excitation was applied as a voltage waveform, which drives the piezoelectric
device to deform radially. This physically translates as pressure pulses applied to the fluid inside
the nozzle. In general, each excitation period is responsible for printing one droplet in DOD
inkjetting (Rensch 2006). The pressure pulse scales with the ramp rate of the applied voltage
Δp~ΔV/tp, where ΔV is voltage amplitude and tp is the pulse time (Chen et al. 2002).
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Fig. 3.1 Experimental setup

3.2. Microsphere fabrication setup
Chapter 4 will investigate the fabrication of microspheres. Calcium chloride (CaCl2) was
used to facilitate the formation of gel structure as calcium cations exchange sodium cations to
form a three-dimensional, insoluble gel network. The sodium alginate droplets were collected
using a receiving container filled with the calcium chloride dihydrate (Sigma-Aldrich, St. Louis,
MO) solution. The receiving container had a magnetic stir rod (200 rpm) to avoid any possible
microsphere agglomeration. There was a 10 mm air gap between the dispenser orifice and the
liquid surface of the receiving container.
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3.3. Droplet formation setup
Chapter 6 is an experimental study that with the use of a high speed imaging system will help
in characterizing the droplet formation dynamics for aqueous solutions of sodium alginate.
Imaging approaches have been used as a tool to observe droplet formation with Newtonian
fluids, such as glycerol-water (Dong and Carr 2006) and ethylene and diethylene glycol (Jang et
al. 2009) and more recently with a viscoelastic fluid PEO (Yan et al. 2011). For a given set of
parameters, each droplet is the same for ~1 minute. With the JetXpert imaging system
(ImageXpert Inc., Nashua, NH), one picture represents a highly repeatable process, since the
images are taken stroboscopically. The image results correspond to a stable process. Figure 3.2
shows a representative image of a droplet forming with key points labeled.

Nozzle exit

x0

x5
Meniscus

x2

Trailing point of
satellite droplet
Leading point of
satellite droplet

x4

x1

Trailing point of
primary droplet

x3

Leading point of
primary droplet

Fig. 3.2 Representative of DOD droplet formation from JetXpert imaging system (standard
bipolar waveform with voltage amplitude=70 V, 0.5% alginate)
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A bipolar waveform was considered in the droplet formation study, which consists of a
succession of two trapezoidal pulses consecutively positive/negative followed by a relatively
long idle time. The second part of the wave (Fig. 3.3) is used to cancel some of residual pressure
oscillations (helping to reduce satellite droplet formation) present in the DOD jetting device after
droplet ejection (Jang et al. 2009). As shown in Fig. 3.3 tp1 and tp3 are the voltage rise times and
tp2 is the fall time, t1 is the dwell time, t2 is the echo time, V1 and V2 are the excitation voltages,
tidle and tidle2 are the idle durations when the voltage dwells at zero. The parameter values are
specified in Chapter 6. It should be noted that the piezoelectric device expands during an
increase in voltage and contracts during a decreasing voltage, which creates a negative or
positive pressure inside the nozzle respectively. In order to characterize the waveform effect on
the droplet formation, the voltage amplitude was varied while keeping the basic waveform
parameters constant, and then the dwell time was varied for a constant voltage.

V
tidle

1

tp1

tp2

tp3

tidle

2

V1

t1
Dwell time

t2
Echo time

t

V2

Fig. 3.3 General input voltage bipolar waveform
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Chapter 4
Performance Evaluation of Bipolar and Tripolar
Excitations During Nozzle Jetting-Based Alginate
Microsphere Fabrication

Microspheres, small spherical (polymeric) particles with or without
second phase materials embedded or encapsulated, are important for many
biomedical applications such as drug delivery and organ printing. Scale-up
fabrication with the ability to precisely control the microsphere size and
morphology is of great manufacturing interest. The objective of this chapter is to
experimentally study the performance differences of bipolar and tripolar
excitation waveforms in using drop-on-demand (DOD)-based single nozzle jetting
for alginate microsphere fabrication. The fabrication performance has been
evaluated based on the formability of alginate microspheres as a function of
materials properties (sodium alginate and calcium chloride concentrations) and
operating conditions. The operating conditions for each excitation includes
voltage rise/fall times, dwell times, and excitation voltage amplitudes. Overall, the
bipolar excitation is more robust in making spherical and monodisperse (“good”)
alginate microspheres for its wide working range of material properties and
operating conditions, especially during the fabrication of highly viscous materials
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such as the 2% sodium alginate solution. For the both bipolar and tripolar
excitations, the sodium alginate concentration and the voltage dwell times should
be carefully selected to achieve good microsphere formability.

4.1. Introduction
Microspheres, small (~100 µm) spherical (polymeric) particles with or
without second phase materials embedded or encapsulated, are increasingly used
in various biomedical applications such as controlled drug delivery (Berkland et
al 2001), cell encapsulation (Orive et al 2003), and cellular spheroid-based tissue
engineering (Lin and Chang 2008). These applications typically require small
(order of 100 µm in diameter) microspheres, and more importantly precise control
of the microsphere size and size distribution.
Of different microspheres, alginate microspheres are increasingly finding
biomedical applications due to their resemblance of natural extracellular matrix
(Tan and Takeuchi 2007) and mechanical stability. Alginate microspheres have
been fabricated using various approaches, such as mechanical dispersion (Neufeld
and Poncelet 2004), electrostatic spraying (Zhang and He 2009), spinning disk
atomization (Senuma et al 2000), jet cutting (Pruesse and Vorlop 2004),
microfluidic-based fabrication (Tan and Takeuchi 2007, Workman et al 2008),
and ink/nozzle jetting (Xu et al 2008) (Herran and Huang 2012) to name a few.
However, scale-up fabrication with the ability to precisely control the
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microsphere size and morphology is still a great manufacturing challenge,
especially in the making of alginate-based microspheres. Nozzle jetting has been
favored to fabricate alginate microspheres (Dohnal and Štěpánek 2010, Herran
and Huang 2012); unfortunately, the effects of external excitation waveform on
the microsphere formability are still to be further elucidated.
The objective of this work is to experimentally study the performance
differences of bipolar and tripolar excitations in using drop-on-demand (DOD)based single nozzle jetting for alginate microsphere fabrication. The fabrication
performance has been experimentally evaluated based on the formability of
alginate microspheres – whether a good, spherical, monodisperse alginate
microsphere can be formed under the commonly adopted bipolar and tripolar
excitations.

4.2. Fabrication of Alginate Microspheres
4.2.1.

Methods

The microsphere formability in this study was classified into two
categories: 1 for good microsphere formation (spherical and uniform
microspheres were formed) and 0 for unsuccessful microsphere formation
(deformed microspheres or no microspheres were formed). The microsphere size
was determined by averaging the diameters of 20 good microspheres, (if
available) using ImageJ. In addition, some droplet formation images were taken
using an ImageXpert imaging system to visualize the droplet formation process
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(ImageXpert, Nashua, NH). While sodium alginate has been selected as a model
material herein, the resulting fabrication knowledge is applicable to other
microsphere fabrication using different materials.
The robustness of the bipolar and tripolar excitations in making good
microspheres has further been appreciated using a Volume of Fluid (VOF)-based
computational approach (Herran et al 2010) when the fluid property of alginate
solution is numerically altered. Figure 4.1 illustrates the schematic (Shin et al
2005) of the 120 µm-orifice diameter dispense head used in this study and its
axisymmetric modeling domain. The dispense head had a body diameter of 200
µm and a length of 18.86 mm (6.23 + 6.4 + 6.23 mm) and one fluid inlet and one
fluid outlet, both having a zero pressure-outlet condition. The resulting pressure
pulses were applied radially via the sleeve piezo-device, which had a length of 6.4
mm. The applied pressure switched from a constant pressure inlet boundary
condition (non-zero pressure on-mode) to a wall boundary condition (zero
pressure off-mode). Other wall conditions were the no-slip wall condition, the
axis of symmetry was defined for 360º rotation, and the ambient modeling domain
was a cylindrical domain with a diameter of 150 µm and a length of 4 mm. The
simulation was implemented using ANSYS Fluent 13.0 with quadratic elements
of an approximate size of 10 × 10 µm2.
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Fig. 4.1 (a) Schematic of DOD-nozzle setup, and (b) model with boundary
o

conditions and dimensions (15 nozzle taper and 120 µm orifice diameter)

For simulation, the k value of equation (4.1) is needed for both bipolar and
tripolar excitations, respectively, in order to find the equivalent pressure pulse
amplitude per the applied voltage. The k values were found via trial-and-error
after starting with an initial rough estimation by summing the pressures that
oppose droplet ejection as described by Wijshoff et al (2010). For comparison, the
pulse times were simplified as t p1 = t p 2 = t p 3 (= t p 4 )= t p , the dwell times as t1 = t 2 (=
t3 )= t d (pulse and dwell times defined later and shown in figure 4.4), and the 1%

alginate solution was used. For the 1% alginate solution has a density of 1003
kg/m3 (Moghadam et al 2010) and a surface tension of 0.0703N/m (Moghadam et
al 2010). Since alginate is a shear thinning fluid, its viscosity was modeled using
the non-Newtonian power law with a zero-shear viscosity of μ0 = 18.04 cP which
was measured using a cup-and-bob rheometer (ARES, TA Instrument, New
Castle, DE). From the viscosity measurements, the consistency index m was
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found as 0.0213 kg-sn/m and the power-law index n was found as 0.9413 for the
viscosity model below:

  m n1

(4.3)

where  is the shear rate (or the velocity gradient perpendicular to the plane of
shear) and was varied from 0 - 500 s-1 in order to obtain a min value (viscosity at
a high shear rate) and a max value (viscosity at a low shear rate) to input into the
constitutive model in ANSYS.

(a)

200 µm

(b)

200 µm

(c)

200 µm

(d)

200 µm

Fig. 4.2 Droplet formation processes using 1% sodium alginate solution under
bipolar excitation ((a) experimental measurements and (b) simulation results) and
tripolar excitation ((c) experimental measurements and (d) simulation results)

The k values were then found by matching the experimental and the
simulation results at the same time as shown in figure 4.2. The simulated droplet
diameter and velocity were compared with those of the experimental droplet until
it matched with a given k value. In figure 4.2(a) the experimental bipolar
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excitation conditions were as follows: ±70 V, td = 30 µs, and tp = 2 µs. Using a k
value 5,800 Pa·μs/V, the corresponding input pressure pulse for the simulation
was p1 = -203,000 Pa, p2 = +406,000 Pa, p3 = -203,000 Pa, td = 30 µs and tp = 2
µs. In figure 4.2(c) the experimental tripolar excitation conditions were as
follows: ±60 V, td = 30 µs, and tp = 2 µs, which corresponded with the pressure
input parameters p1 = 270,000 Pa, p2 = -540,000 Pa, p3 = +540,000 Pa, p4 = 270,000 Pa, td = 30 µs and tp = 2 µs using a 9,000 Pa·μs/V k value. It is assumed
that k remains constant as long as the waveform (bipolar or tripolar), material
properties, and nozzle geometry are the same.

4.2.2.

Experimental designs

The nozzle jetting process is usually fine-tuned by applying different
external voltage excitation waveforms, which are converted into pressure pulses
usually via piezoelectric devices. The relationship between the driving voltage
and the resulting pressure can be captured as follows (Chen and Basaran 2002):

pw (t )  k

dV (t )
dt
(4.1)

where pw (t ) is the resulting pressure, t is the time, V (t ) is the applied voltage,
and k is a constant coefficient relating the resulting pressure to the applied
voltage. Generally, k is dependent on the material properties, driving waveformtype (bipolar, tripolar, or others) and nozzle geometry. Generally, each excitation
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period is responsible for printing one droplet in the setup of this study. Herein the
applied voltage resulted in a pressure wave to help form a sodium alginate
droplet, which further gelled into a microsphere inside the receiving container.
This gelation process is an exchange between the ions in the two materials at
contact. A calcium cation Ca2+ will replace two sodium cations Na+, forming a gel
material: calcium-alginate.

4.2.2.1.

Bipolar excitation

A bipolar excitation consists of a succession of two square-wave pulses
(consecutively positive/negative or negative/positive) followed by a relatively
long idle duration. The second wave part is used to cancel some of residual
acoustic oscillations that remain in the DOD jetting device after drop ejection
(Jang et al 2009). While figure 4.3 shows a typical positive/negative bipolar
excitation waveform, a negative/positive bipolar excitation has also been used to
reduce the drop size (Basaran 2002, Lee 2003, Rensch 2006). As the formability
is of interest, the study has only investigated the effects of the positive/negative
bipolar excitation, and the resulting knowledge is also applicable to applications
with a negative/positive bipolar excitation waveform.
The positive/negative bipolar excitation is defined by the following
waveform parameters: voltage rise/fall times ( t p1 , t p 2 , and t p 3 ), idle durations (
t idle1 and t idle2 ), first and second dwell times ( t1 and t 2 ) and the excitation voltage
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amplitudes ( V1 and

V2 );

usually, tidle1 is set as zero, then tidle2 can be indirectly

determined for a given frequency (f). As such, there were ten control variables in
this study: sodium alginate concentration, calcium chloride concentration, t p1 , t p 2
, t p 3 , t1 , t 2 , V1 ,

V2

and f.

A three-level ten-variable experimental design was formulated and
implemented by Herran and Huang (2012) to study the effects of the material
properties and DOD operating parameters on the microsphere formability. Under
that design (Herran and Huang 2012), three levels of sodium alginate
concentration were taken as 1%, 1.5%, and 2% (w/v) to avoid possible nozzle
clogging; the calcium chloride concentrations were 1%, 1.5%, and 2% (w/v); and
the waveform parameters were as follows: 3, 4 and 5 µs for the voltage
rise/fall/final rise times, 10, 20 and 30 µs for the dwell and echo times, 100, 500
and 1,000 Hz for the frequency, and 50, 60, 70, and 80 V for the dwell and/or
echo voltage amplitudes. The experimental observations from that study were also
utilized in comparing the performance of bipolar and tripolar excitations.
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Fig. 4.3 (a) Bipolar excitation waveform and (b) its corresponding pressure pulses
(Herran and Huang 2012)
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4.2.2.2.

Tripolar excitation

A tripolar excitation consists of a succession of three square-wave pulses
(consecutively positive/negative/positive (M) or negative/positive/negative (W))
followed by a relatively long idle duration. Figure 4.4 shows a typical “W”
negative/positive/negative tripolar excitation, which has been used in this study.
While

this

study

has

only

investigated

the

performance

of

the

negative/positive/negative tripolar excitation for its better robustness in
microsphere formation, the resulting knowledge should also be applicable to
applications with an “M” positive/negative/positive waveform within a relatively
narrow operating range (Rensch 2006).
The “W” tripolar excitation is defined by the following waveform
parameters: voltage rise/fall times ( t p1 , t p 2 , t p 3 and t p 4 ), idle durations ( tidle1 and
t idle2 ), dwell times t1 , t 2 and t 3 and excitation voltage amplitudes ( V1 , V2 and

V3 );

usually, tidle1 is set as zero, then tidle2 again depends on the given frequency (f). For
simplicity, voltage rise/fall times were assumed as follows as a common setup

1
(Rensch 2006): t p1  t p 2  t p 3  t p 4 . As such, there were only ten control
2
variables: sodium alginate and calcium chloride concentrations, t p1 ,
t2

, t 3 and f.
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Fig. 4.4 (a) “W” tripolar excitation waveform and (b) its corresponding pressure
pulses (Herran and Huang 2012)
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To evaluate the performance of the tripolar excitation, a two-level tenvariable Taguchi orthogonal array (L12) design and additional 18 cases as
suggested by previous studies (Chen and Basaran 2002, MicroFab 2003,
MicroFab User’s Guide 2007, Chen and Basaran 2003) were performed to
represent a broad range of operating conditions. For this Taguchi design, the
concentration levels of sodium alginate and calcium chloride concentrations were
selected based on the bipolar study (Herran and Huang 2012) except that the high
sodium alginate concentration (2%) was not adopted due to its feasibility in
making good microspheres (Fig. 4.5). The waveform parameters were: 1 and 2 µs
for the voltage rise/fall times (Jo et al 2009), 2 and 4 µs for t p 3 , 4 and 6 µs for the
first and third dwell times, 3 and 5 µs for the second dwell time, 100 or 500 Hz
for the frequency, -10 and -20 V for the first and third voltage pulses, and 60 and
70 V for the voltage amplitude as typically adopted in similar studies (Rensch
2006, Chen and Basaran 2002, 2003). The detailed experimental design and the
microsphere formability are listed in table 4.1, and some good or unsuccessful
microspheres are shown in figure 4.5 for illustration.
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100 µm

100 µm
(a)

(b)

Fig. 4.5 Example of (a) good microspheres and (b) unsuccessful fabricated
microspheres.

4.2.2.3.

Statistical analysis

Herein the spherical droplets as visually inspected are considered good for
a spherical microsphere or unsuccessful if the microspheres could not be made or
have an irregular shape. Binary logistic regression (Menard 2002) is ideal for
studying such logic type observations (0 for unsuccessful microsphere formation
and 1 for good microsphere formation). In binary logistic regression, the
probability ratio (

p

f
1 p

) is called the odds and the logarithm of this odds is called
f

the logit, which can be calculated as follows:
 p
 f
 1  p
f


ln



    x


(4.2)

where p f is the probability to form a good microsphere, α is the intercept, β is the
slope, and x is the control variable of interest, which can be one of the control
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variables of bipolar or tripolar excitation. Each parameter is investigated
individually by taking all of the cases and calculating the probability of a good
microsphere for the given parameter level. The following figures (such Figure
4.6) show the probability of obtaining a good microsphere for the different levels
of a give parameter.
The importance of any variable on the microsphere formability is
measured by β. A larger β means that the formability is sensitive to this variable.
If β is zero or very close to zero for, it means that this variable has very little or
even no effect on the formability. In order to compare the formability sensitivity
of each control variable, β was normalized as a nondimensional coefficient
(βnorm) by dividing β by the standard error of β (Menard 2002). Table 4.2 shows
the 95% confidence interval-based binary logistic regression results using Minitab
16 based on the experimental results by Herran and Huang (2012) and from table
4.1, respectively. To match that of the tripolar excitation design, the 2% sodium
alginate concentration observation from the bipolar excitation study was not
included in the calculation of βnorm for the alginate concentration. The p-value
indicates the statistical significance of a specific inference, and a lower p-value
for a specific variable indicates that the inference regarding this variable is more
statistically significant.
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Fig. 4.6 Effect of sodium alginate concentration on the formability using (a)
bipolar and (b) tripolar excitations
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Table 4.1. Experimental design and results based on the tripolar excitation.
Concentration
(w/v%)

Waveform information
Dwell times
(µs)

t p1

Formability

Excitation voltages
(V)

(= t p 2 =

L12 Taguchi design

Index

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Sodium
alginate

Calcium
chloride

1
1
1
1
1
1
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1
1

1
1
1
2
2
2
1
1
1
2
2
2
1
1
2
2
2
2
2
2
2
2
2
2
2
2
2
2
1
1

t p3

=

2
t p4 )
(µs)
1
1
2
1
2
2
2
2
1
2
1
2
1
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
1
2

t1

4
4
6
6
4
6
6
4
6
4
6
4
4
5
3
4
4
4
4
5
5
5
4
4
4
4
4
4
5
4

t2

t3

V1

V2

V3

3
3
5
5
5
3
3
5
5
3
3
5
5
5
5
4
5
5
5
5
5
6
3
3
3
3
3
3
4
3

4
6
4
4
6
6
4
6
6
4
6
4
6
5
4
4
3
5
6
4
5
5
4
4
4
4
4
4
5
4

-10
-20
-10
-20
-10
-20
-20
-20
-10
-10
-10
-20
-10
-10
-10
-10
-10
-10
-10
-10
-10
-10
-30
-10
-10
-10
-10
-10
-10
-10

60
70
60
70
70
60
70
60
70
70
60
60
70
70
70
70
70
70
70
70
70
70
70
50
55
65
70
70
60
60

-10
-20
-20
-10
-10
-20
-10
-10
-20
-20
-10
-20
-10
-10
-20
-20
-20
-20
-20
-20
-20
-20
-20
-20
-20
-20
-10
-30
-10
-10
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f (Hz)

1: good/0:
unsuccessful

100
500
500
100
100
500
100
100
500
500
100
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
100
100

0
0
0
0
1
0
0
0
0
1
1
0
1
1
1
0
0
1
1
0
0
0
1
0
0
0
0
1
0
0

4.3. Results and discussion
4.3.1.

Binary logistic regression results

The binary logistic regression results are found in table 4.2. The p-value
denotes the significance of a single parameter’s effect on the formability result (0
for “unsuccessful” microsphere formation and 1 for “good” microsphere
formation) based on all of the cases for a given waveform. The weight of the
parameter on the result is quantified in the βnorm value. It can be seen that the
calculated p-values for sodium alginate and calcium chloride concentrations,

t1 ,

t3 (tripolar), and V1 (bipolar) and V2 are around 5% or smaller. This indicates that

the βnorm conclusions regarding these variables are statistically significant and
can be accepted. The results show that the material concentration affects the
formability of the microspheres. For sodium alginate, the βnorm value is positive
for both waveforms, meaning the formability increases with the alginate
concentration within the concentration range investigated while the sodium
alginate concentration has a stronger influence on the formability when the
tripolar excitation is used (2.369 vs. 0.958 in terms of βnorm). The calcium
chloride concentration also positively affects the formability of microspheres with
positive βnorm values (2.058 and 1.861) for both waveforms within the
concentration range investigated.
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Table 4.2. Binary logistic regression results (N.A.: not applicable).
Variables
Sodium alginate
concentration

Rise/Fall times

Material properties

Dwell times

Waveform times

p-value
0

Tripolar

2.369

0.01

Bipolar

2.058

0.04

Tripolar

1.861

0.05

t p1

Bipolar

-1.309

0.19

t p2

Bipolar

0.329

0.74

t p3

Bipolar

0.340

0.73

Tripolar

1.023

0.30

Bipolar
Tripolar
Bipolar
Tripolar
Bipolar
Tripolar
Bipolar
Tripolar
Bipolar
Tripolar
Bipolar
Tripolar
Bipolar
Tripolar

3.114
-2.509
0.207
0.662
N.A.
2.415
1.987
0.866
-2.046
3.137
N.A.
-0.415
0.643
1.007

0
0.01
0.84
0.51
N.A.
0.01
0.05
0.37
0.04
0
N.A.
0.68
0.52
0.30

t p1 , t p 2 , t p 3 and
t p4
t1
t2

t3

V2

V3
Frequency

βnorm
0.958

Calcium chloride
concentration

V1

Voltage amplitudes

Waveform
Bipolar

f

The operating conditions also affect the microsphere formability. The first
dwell time of the bipolar excitation has a βnorm value of 3.114, and it increases
the probability of good microsphere formation. Differently, the first dwell time of
the tripolar excitation has a decreasing effect on the formability of microspheres
with a βnorm value of -2.509. It should be noted that the first dwell time of the
bipolar excitation is the duration of the positive voltage amplitude, whereas for
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the tripolar excitation it is the duration of a negative voltage amplitude, which
may be responsible for this difference. The third dwell time of the tripolar
excitation has a significant effect with a βnorm value of 2.415; increasing the
third dwell time results in an increased probability of microsphere formation.
The first voltage amplitude of the bipolar excitation (positive amplitude)
has a βnorm value of 1.987 while the tripolar case does not have a statistically
significant result to compare with respect to its first voltage amplitude (negative
amplitude). However, the second voltage amplitude of the tripolar excitation,
which is positive, has a βnorm value of 3.137, indicating a quite strong effect. The
second voltage amplitude of the bipolar excitation (negative amplitude) has a
βnorm value of -2.046, meaning that the probability of microsphere formation
decreases as the second voltage amplitude (absolute) increases. The statistically
significant (p < 5%) material properties and operation conditions will be
investigated in further detail.
The effects of the sodium alginate and calcium chloride concentrations,
first dwell times, third dwell time (tripolar), first voltage amplitude (bipolar) and
second voltage amplitudes on the formability are discussed in the following
sections. For the bipolar excitation, the p-values associated with the second dwell
time, the pulse times and the frequency are well above 5%. For the tripolar
excitation, the p-values associated with the second dwell time, the first and third
voltage amplitudes and the frequency are well above 5%. For these high p-value
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cases, no conclusive statement can be drawn regarding the dependence of the
formability on these variables only based on this study.

4.3.2.

Effect of material properties

4.3.2.1.

Effect of sodium alginate

The effects of sodium alginate concentration on the microsphere
formability has been studied and compared under the excitation of the bipolar and
tripolar waveforms respectively. As found in other studies (Manojlovic et al 2002,
Zhang and He 2009, Herran and Huang 2012), the sodium alginate concentration
plays an important role in determining the formability. Figure 4.6 and other
following similar figures describe a successful ratio under relevant, designed
experimental conditions as discussed before. Within the concentration range (11.5%) of interest herein, it can be seen from figure 4.6 that the 1.5% sodium
alginate concentration always facilitates better microsphere formation than the 1%
concentration. It is further found that when the sodium alginate concentration is
beyond 1.5%, the likelihood of good microsphere formation decreases under both
excitations. This is due to the significantly increased viscosity of high
concentration sodium alginate solutions: the viscosity of 2% sodium alginate
solution may be around 10 times higher than its 1.5% counterpart (600 mPa·s vs.
1800 mPa·s) (Meng et al 2009).
As seen from figure 4.6, the bipolar excitation appears more robust in
terms of the formability. For example, when the 1.5% sodium alginate
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concentration is used, the bipolar excitation can produce good microspheres for
around 75% of the experimental cases investigated while only around 40% under
the tripolar excitation. A similar conclusion can be drawn when the 1% solution is
tested. Generally, the droplet formation process is more sensitive with the tripolar
excitation than with the bipolar excitation. While microspheres can be fabricated
from the 2% sodium alginate solution using a bipolar excitation (Herran and
Huang 2012), it is very difficult to have good microspheres using a tripolar
excitation except under some finely tuned waveform conditions. This is attributed
to the complex waveform of tripolar excitations, which results in four pressure
pulses controlling the meniscus motion as seen from figure 4.4(b). With four
pressure waves initiated, it becomes difficult to synchronize the resulting acoustic
waves to be in-phase for optimal droplet formation (Kwon 2009).
The effect of sodium alginate concentration was studied further by varying
the shear thinning viscosity for the two waveform types. The consistency index, m
was numerically varied to appreciate the effect of m on droplet formation under
the bipolar and tripolar excitations. From figure 4.7, it can be seen that at m = 0.02
kg·sn /m the droplet produced by the bipolar excitation is larger and faster than
that of the tripolar case. When m increases by 0.01 kg·sn /m the droplet produced
by the bipolar excitation shows a relatively smaller change in the distance traveled
(or the droplet velocity) compared to that of the tripolar case, indicating its
robustness to the fluid property changes. At m = 0.03 kg·sn /m, the tripolar
excitation even cannot lead to a successful droplet formation process. It is
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concluded that the tripolar excitation may be useful for reducing the droplet size,
but less robust in terms of the fluid viscosity limitation when comparing with the
bipolar excitation.

200 µm

200 µm

m=0.02 m=0.025 m=0.03

m=0.02 m=0.03 m=0.04

(a)

(b)

Fig. 4.7 Simulation results at 450 µs when using (a) bipolar excitation (+70, -70
V, td = 30 µs, tp = 2 µs, k = 5,800 Pa·µs/V) and (b) tripolar excitation (-10, +70, 10 V, td = 30 µs, tp = 2 µs, k = 9,000 Pa·µs/V) under different m

4.3.2.2.

Effect of calcium chloride

The effect of the calcium chloride on the formability has also been
investigated. The calcium chloride concentration directly affects the ion exchange
between sodium cations and calcium cations, which determines the gelation time
and strength of microspheres. Figure 4.8 shows the results of each waveform type
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as a function of calcium chloride concentration on the microsphere formability.
For both bipolar and tripolar excitations, the higher the concentration, the higher
the probability of good microspheres. A higher calcium chloride concentration
provides more calcium cations to exchange with the sodium cations to make a
stronger calcium alginate gel microsphere. It is found that the bipolar excitation
consistently produces more good microspheres than the tripolar excitation for
each concentration. This is because the droplets from a tripolar excitation are
typically smaller than those of a bipolar excitation, resulting in a fewer surface
area for ion exchange. Then the resultant microsphere made using the tripolar
excitation is more sensitive to the calcium chloride concentration.
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Fig. 4.8 Effect of calcium chloride concentration on the formability using (a)
bipolar and (b) tripolar excitations
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4.3.3.

Effect of operating conditions on the formability

4.3.3.1.

Effect of voltage dwell time

In addition to the fluid material properties, the droplet formation process is
also affected by the operating conditions. This section examines the effect of the
voltage dwell time, which is the duration of the voltage amplitude. The dwell time
is on the order of 10 µs for bipolar excitations and 1 µs for tripolar excitations
(Rensch 2006), which is usually adjusted to synchronize the resulting pressure
waves to be in-phase as they travel through the chamber of dispense head or
nozzle (Bogy and Talke 1984). Different dwell times were chosen to investigate
the formability under the bipolar and tripolar excitations.
Figure 4.9(a) shows the effect of the first dwell time on the microsphere
formability using a bipolar excitation. The longer the dwell time, the more likely
to have good microspheres within the time range investigated. Interestingly, the
first dwell time has a strong but opposite effect when using the tripolar excitation
as seen from figure 4.9(b). For the given time range, as the dwell time increases,
the probability of good microsphere formation decreases. As mentioned before,
this might be due to the opposite polarity of voltage during the first dwell time of
the tripolar excitation (negative under tripolar excitation vs. positive under bipolar
excitation).

41

100

Formability
Unsuccessful
Good

% of cases

80
60
40
20
0
10

20

30

First dwell time (μs)
(a)
100
Formability
Unsuccessful
Deformed
Good

% of cases

80
60
40
20
0
3

4

5

6

First dwell time (µs)

(b)
Fig. 4.9 Effect of first dwell time on the formability using (a) bipolar and (b)
tripolar excitations

For the tripolar excitation, the third dwell time also has a significant effect
on the microsphere formability. This is the time right after a positive pressure
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pulse and but before the final negative pressure pulse. Since the meniscus motion
is directly governed by the pressure waves inside the nozzle, the time between
these pulses greatly affects the oscillations of the meniscus and therefore the
droplet formation process. Figure 4.10 shows the effect of the third voltage dwell
time on the microsphere formability, indicating that a relatively long third dwell
time facilitates the microsphere formation process. Good microspheres cannot be
formed using a very short third dwell time such as 3 µs.
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Fig. 4.10 Effect of third dwell time on the formability using tripolar excitation

4.3.3.2.

Effect of voltage amplitude

sodium alginate concentration and the voltage dwell times should be carefully
selected to achieve good microsphere formability alginate concentration and the
voltage dwell
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The applied voltage can be positive or negative as seen in figures 4.3 and
4.4. Generally, the piezo sleeve expands under the positive voltage input. The
higher the positive voltage input, the more deformation of the piezo sleeve,
indicating a larger pressure pulse. For both waveform types, increasing the
positive voltage amplitude, which means a higher resultant pressure pulse,
increases the probability for good microsphere formation. It can be seen from
figure 4.11 that in general a relatively high positive voltage pulse facilitates good
microsphere formation using either excitation. Under the same positive voltage
amplitude, the formability probability when using the bipolar excitation is higher
than when using the tripolar excitation, indicating that the tripolar excitation is
sensitive to the (positive) voltage amplitude. Only a limited range of parameters
may lead to good microsphere formation when using the tripolar excitation.
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Fig. 4.11 Effect of the positive voltage on the formability using (a) bipolar and
(b) “W” tripolar excitations

The amplitude of the second voltage pulse of the bipolar excitation is
negative and has a 4% p value. This negative voltage pulse is also called the echo
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voltage pulse. The voltage change from positive to negative is the main
mechanism for fluid ejection that leads to droplet formation. While the positive
voltage pulses are strategically implemented to optimize the meniscus motion for
good droplet formation, the amount of fluid ejected is primarily governed by the
negative voltage pulse. The negative voltage pulse always leads to a positive
pressure pulse. Figure 4.12 shows that the optimal echo voltage using the bipolar
excitation is -60 V although good microsphere formation also can be achieved
with -50 V and -70 V. Generally, the higher the echo voltage amplitude (absolute
value), the more the fluid volume ejected and the higher the jet velocity (Herran
and Huang 2012). Since the p-value is too large for the amplitude of the negative
voltage pulses of the tripolar excitation, the effect of these negative voltage pulses
is not discussed here.
100
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% of cases

80
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40
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0
-70

-60

-50

Second voltage pulse (V)

Fig. 4.12 Effect of the negative voltage amplitude on the formability using bipolar
excitation
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4.4. Summary
Alginate microspheres have been fabricated using DOD jetting under the
bipolar and tripolar excitations, and their formability has been studied as a
function of materials properties (sodium alginate and calcium chloride
concentrations) and operating conditions. The operating conditions for each
excitation includes voltage rise/fall times, dwell times, and excitation voltage
amplitudes. Overall, the bipolar excitation is more robust in making good alginate
microspheres for its wide working range of material properties and operating
conditions. Some other key conclusions are listed as follows: 1) the bipolar
excitation is more robust than the tripolar excitation in general in terms of fluid
viscosity, especially during the fabrication of highly viscous materials such as the
2% sodium alginate solution, 2) for the both bipolar and tripolar excitations, the
sodium alginate concentration and the voltage dwell times should be carefully
selected to achieve a good microsphere formability, 3) the formability under a
bipolar excitation is sensitive to the sodium alginate and calcium chloride
concentrations, the first dwell time, and the first and second voltage amplitudes,
and 4) the formability under a tripolar excitation is sensitive to the sodium
alginate and calcium chloride concentrations, the second voltage amplitude, and
the first and third voltage dwell times.
Although the microsphere fabrication was indicative of the waveform and
concentration influence, this study did not consider the gelation process or impact
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of the droplet onto the substrate. Either those two parameters need to be added to
the list, or the droplet formation dynamics are needed to know if the case was
truly successful or not.
The next chapter will address the formation of droplets using a timeresolved imaging approach to appreciate the effects of operating conditions on the
fluid evolution and droplet break-up physics. Proper dimensionless numbers will
be introduced and characterized to illustrate the underlying principles governing
the droplet characteristics as a function of material properties and operating
conditions.
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Chapter 5
Theoretical and Rheological Background for
Aqueous Solutions of Sodium Alginate

In this chapter the physical properties of aqueous solutions of sodium alginate
are measured or theoretically deduced in order to characterize the fluid.

5.1. Materials
Sodium alginate was chosen as the polymeric bio-ink in this study. It is used
as a typical hydrogel in cell printing (Herran et al. 2012). And among different
biomaterials used to encapsulate biological materials alginate hydrogels are often
favored due to their resemblance of natural extracellular matrix (ECM) (Tan and
Takeuchi 2007) and property as an immunoisolation barrier for cells.
Sodium alginate is a seaweed-derived macromolecular material. It is organic
and obtained from different sources. Its physical properties are highly dependent
on its chemical composition and they may differ between batches and within
batches and grades (Fu et al. 2010). This makes it necessary to measure the
material properties of the sodium alginate solutions before use. Although sodium
alginate is highly used in biological applications, the effect of its rheology on
droplet formation is not well understood. This work will address the rheology and
physical properties of aqueous solutions of sodium alginate.
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5.1.1.

Shear thinning viscosity

The alginate viscosity was measured with a cup-and-bob rheometer (ARES,
TA Instrument). The temperature was controlled between 22.6-23ºC for the
material property measurements. The apparent viscosity for each alginate solution
was measured for a range of shear rates (10-1000 s-1) and shear thinning was
observed for concentrations at and above 1.5 g/dL, as can be seen in Fig. 5.1 (a),
which is in agreement with other researchers who observed shear thinning of
polymer solutions above the dilute concentration regime (Graessley 1980). The
shear thinning viscosity can be described using the Carreau-Yasuda model (Eqn.
5.1). The parameters are obtained by fitting the experimental data in Fig. 5.1 (a)
for 2% sodium alginate and are shown in the figure caption, where   is the
infinite-shear-rate viscosity,  0 is the zero-shear viscosity,  is the shear rate,
1 /  is the critical shear rate where the viscosity begins to decrease at the power

n  1 , and where  the width of transition between the zero-shear viscosity region

and the power-law region.

 
( n 1) / 
 1  ( ) 
0 
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Fig. 5.1 (a) Shear-rate dependent viscosity with Carreau-Yasuda parameters for
2%:  0 =130.0±5.0 mPa*s,   30.0 mPa*s,  =1.7 ms,  =0.75 and n=0.6; and
(b) zero-shear viscosity as a function of concentration
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The zero-shear viscosities depend on the concentration. At low shear rates the
viscosity is nearly constant and defined a region called the “zero-shear viscosity”

 0 which is considered the viscosity inherent or characteristic to the solution. Fig.
5.1 (b) shows that the zero-shear viscosity increases with the polymer
concentration. Three regimes are represented with three power-law curves: dilute,
semi-dilute unentangled and semi-dilute entangled.

5.1.2.

Intrinsic viscosity

When studying a viscoelastic fluid, the intrinsic viscosity is one of the most
important polymer characteristic values. It is used to define the different regimes:
dilute, semi-dilute unentangled and semi-dilute entangled. The intrinsic viscosity

[ ] is a measure of the contribution of individual polymer molecules to the
viscosity, related to the volume the polymer chains occupy in the solution. The
specific viscosity  sp is equal to  sp  ( 0   s ) /  s and the intrinsic viscosity is
defined as the limit of  sp / c as c approaches zero (Eqn. 5.4), where c is the
concentration. The classical method for finding the intrinsic viscosity is to
combine two plots: a Huggins plot based on Eqn. 5.2 and a Kraemer plot based on
Eqn. 5.3. The Huggins equation comes from the expansion of the specific
viscosity in powers of the concentration. It is truncated to the second term here.
The

Kraemer

equation

results

from
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the

expansion

of

the

inherent

viscosity ln( 0 /  s ) / c . The interception of the two lines can be determined,
defining the intrinsic viscosity.

 sp
c

    k '   c
2

ln( 0 /  s )
2
    k ' '   c
c

lim
c 0

 sp
c

ln( 0 /  s )
  
c 0
c

 lim

(5.2)

(5.3)

(5.4)

Table 5.1 Viscosity of very dilute aqueous sodium alginate concentration at room
temperature (22.6-23º C)
c
η0
ηrel ηsp c/c*
(g/dL) (mPa*s) (--) (--) (--)
0.00
0.91
1
0
0.0
0.01
1.37
1.50 0.50 0.03
0.02
1.61
1.76 0.76 0.06
0.03
1.87
2.05 1.05 0.09
0.04
2.04
2.24 1.24 0.13
0.05
2.25
2.47 1.47 0.15
0.06
2.47
2.71 1.71 0.19

Unfortunately for the very dilute solutions Fig. 5.2 (a) shows a different behavior
for  sp / c (values given in Table 5.1). The reduced viscosity  sp / c increases
with decreasing concentration. Adding salt to the solution may eliminate these
polyelectrolyte effects. This skewing of the viscosities at very low concentrations
is a well-known effect for polyelectrolytes (Flory 1953). The traditional method
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using Eqn. 5.4 cannot be applied here. Another method to calculate the intrinsic
viscosity of the polyelectrolytes was developed by Ghimici et al. (2009) based on
the following equation,

ln( r ) 

c[ ]  Bc 2 [ ][ ]*
1  Bc[ ]

(5.5)

where B and [ ]* are adjustable parameters.
Using Eqn. 5.5 and viscometric measurements of the sodium alginate
solution, it was found for the intrinsic viscosity [ ] =220 mL/g with B=0.85 and

[ ]* = 2.2. The results are shown in Fig. 5.2 (b).
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Fig. 5.2 (a) Huggins-Kraemer plot showing upward bend due to electroviscous
effect, and (b) relative viscosity as a function of concentration using Eqn. 5.6
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5.1.3.

Molecular weight

The molecular weight can be determined now that the intrinsic viscosity has
been obtained with the Mark-Houwink-Sakurada equation (Eqn. 5.6). Different
values for A and α can be found in literature. Several authors determined
experimentally the parameters A and α for sodium alginate. The experimental
results of Donnan and Rose (1950) were used to find the molar mass with
A=1.228∙10-4 and α=0.963.

[ ]  AM W   M W


[ ]




 1.228e  4 

1 / 0.963

(5.6)

These results were also used by Mancini et al. (1996) and Vauchel et al.
(2008) and are comparable to those obtained by Martinsen et al. (1991) and
Smidsrød (1970). The molecular weight M W is calculated to be 26,100 g/mol or
26 kDa which is within the range of average molecular weight given by Sigma
Aldrich of 12-40 kDa (Sigma Aldrich Product Specification).

5.1.4.

Critical coil overlap concentration

In order to characterize the different regimes of the solutions of sodium
alginate, it is necessary to determine the critical coil overlap c* and the
entanglement ce concentrations. The viscosity or the specific viscosity (Fig. 5.3
(a)) increases with the concentration, but three regimes can be defined
corresponding to different power laws. The concentration at which the first rapid
increase in viscosity is observed is called the critical overlap concentration
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denoted c*. This is the concentration at which polymer molecules begin to
overlap with each other. A solution is considered as dilute if the polymer coils
rarely overlap. This critical overlap concentration was determined as
(Graessley1980) by:
c*  0.77 /[ ]

(5.7)

At concentrations above c*, the solutions are said to be “semi-dilute.” The
polymer chains start overlapping and interacting with each other. It can be
observed in Fig. 5.3 (a) the change in the slope of the curve  sp (c) from 0.7 to 1.5
in the log-log plot. This change corresponds to a change in regimes for the critical
coil overlap concentration, justifying the expression given by Eqn. 5.7. Another
slope increase from 1.5 to 2.8 is obtained at the entanglement concentration, ce.
The slope changes represent the change in the fluid response to a shear stress. In
the entanglement regime (beginning at ce ~1.2 g/dL), the elastic properties are
more pronounce.
In Fig. 5.3 (b) the three regimes are defined in series of the reduced
concentration c/c*. The polymer is considered dilute when c c *  1 , and polymerpolymer interactions are considered negligible. When the range is c c *  1 , the
polymer is considered semi-dilute (Rodd 2005) and there are polymer interaction
effects. Within the semi-dilute regime, entanglement was found to begin at
c/c*~3.8.
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Fig. 5.3 (a) Specific viscosity as a function of c, and (b) specific viscosity as a
function of c/c*
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5.1.5.

Relaxation time

The polymer relaxation time is the amount of time it takes for a stretched
molecular chain to recover to its equilibrium or relaxed position. The longest
relaxation time is often calculated using the Zimm model (Zimm 1956), which is
defined in Eqn. 5.8.

Zimm  C

[ ]M W  s
s
N A k BT

(5.8)

NA is Avogadro’s constant, kB is the Boltzmann constant, T is the tem erature in
elvin 22. -2

and  s is the solvent viscosity (deionized water). The Zimm

constant C is based on alginate parameters and is defined as

C

1
 (3 )

(5.9)

where the function  (3 ) is approximated with the Riemann zeta function, shown
in Eqn. 5.10


 (3 )  
i 1

1
i 3

(5.10)

The excluded volume parameter (Flory 1953)  was calculated for the polymer in
the dilute regime with the relationship   3  1, where  can be 1/3 for a bad
solvent

olymer coils stay close to each other , ½ for a Θ-solvent (polymer coils

act like ideal chains, interactions between monomers are neglected) and 3/5 for a
good solvent (interactions between polymer coils and solvent molecules are
favored, causing the polymer chain to expand). In this study the excluded volume
parameter =0.6543 corresponding to a good solvent regime. The value of the
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Zimm constant C is 0.5948. The Zimm relaxation time is calculated for the
sodium alginate 1.27 μs. But the relaxation time has been shown to also de end
on the polymer concentration (Tirtaatmadja et al. 2007), which is not captured
using the Zimm model. A method was proposed by Tirtaatmadja et al. (2007) that
there is a relationship between eff Zimm ~ (c / c*) , where eff is the effective
relaxation time, but only can be applied in the dilute regime. To obtain the
effective relaxation time for semi-dilute concentrations, the capillary thinning
process can be studied and measured for the different solutions by tracking the
filament width through time D(t) as shown in Fig. 5.4.
The thinning of the filament is controlled by inertia first and then
elasticity. This result was obtained by comparing the characteristic velocities
(Clasen et al. 2012): the inertia-capillary velocity U     R0 , the viscocapillary
velocity U    and the elastocapillary velocity U   R0  , with an initial radius
R0 of the filament and different sodium alginate concentrations. For all cases, the

smallest velocity is U  and then becomes at time t1 (c) , U  denoting first an inertia
controlled thinning and then an elasticity thinning where the filament thins
exponentially. When t  t1 (c) , the minimum filament diameter D(t) is governed by
(Keller 1983) (Bousfield 1986)
D(t)~(tc-t)2/3

(5.11)

where tc is the break-up time. When t  t1 (c) , D(t) is governed by (McKinley 2005)
(Entov 1997) (Haward 2012)
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  t

D(t ) ~ exp   

  3eff (c)  

 

(5.12)

Six concentrations of alginate were investigated by pumping the fluid
through a tube with a 0.05 inch diameter at different flow-rates similar to the
setup by Cooper-White et al. (2002). The flow-rate was fixed at ~3 mL/min. A
high speed camera (Photron Fastcam MC2.1) was used to capture images at 1000
fps of the filament thinning evolution. The spatial resolution was 512 x 512
pixels, (maximum available for the camera). Selected images are shown in Fig.
5.4 for water, 1% and 2% alginate.
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Fig. 5.4 Images from high-speed camera at flow-rate of 3 ml/min for
water, 1% alginate and 2% alginate for specified times (time measured in ms);
scale bars are 1 mm
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In Fig. 5.5 (a) the thinning of the different filaments is shown for alginate
concentrations and for water. From these curves the exponentially decaying
region can be defined. The onset of elasto-capillary thinning t1 (c) can be localized.
It corresponds to the change in the two thinning curves defined by: Eqn. 5.11 for
t  t1 (c) and Eqn. 5.12 for t  t1 (c) . The effective relaxation time can be found as

the slope on the log-log plot of (t, D(t)) given by Eqn. 5.12, and appear in Fig. 5.5
(b) with the exponential curve fit shown in Eqn. 5.13 which is qualitatively in
agreement with the findings of Haward et al. (2012) who used this approach for
cellulose liquid solutions, another viscoelastic material.
3.0
eff  0.4 1  0.013  c c * 





(5.13)

The material properties found in this section are summarized in Table 5.2.
These will be used to help explain the experimental results in the following
sections.
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Fig. 5.5 (a) Scaled minimum thread diameter (D(t)/D0) as a function of time with
fitted exponentially decaying function (Eqn. 5.13) from which the effective
relaxation times are determined and (b) effective relaxation time as a function of
c/c* showing best fit line for semi-dilute sodium alginate concentrations
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Table 5.2 Material properties of aqueous sodium alginate solutions at room
temperature (22.6-23º C)
c
σ*
ρ
η0
ηrel
ηsp
c/c*
λeff
3
Regime
(g/dL) (mN/m) (kg/m ) (mPa*s)
(--)
(--)
(--)
(μs)
0.00
72.0
1000
0.9
1
0
0.0
0
0.125
47.0
1034
3.5
3.8
2.8
0.4
Dilute
360
0.25
46.0
1038
5.5
6.0
5.0
0.8
400
0.50
45.0
1043
10.2
11.2
10.2
1.6
430
Semi-dilute
0.75
44.1
1048
18.1
19.8
18.8
2.3
500
unentangled
1.00
43.1
1052
31.1
34.2
33.2
3.1
650
1.50
41.8
1063
75.2
82.5
81.5
4.9
920
Semi-dilute
unentangled 2.00
41.5
1071
139.5
152.9 151.9
6.3 1,650
* Surface tension measured with Krüss DropShape Analysis
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Chapter 6
Drop-on-Demand for Aqueous Solutions of Sodium
Alginate

This chapter addresses the determination of how to obtain single and uniform
(“successful”) droplets from aqueous solutions of sodium alginate with a
piezoelectric drop-on-demand printing method using a stroboscopic imaging
system for visualization during formation.
In order to control the volume and velocities of droplets, the effect on the
droplet formation of the characteristics of the waveform such as voltage
amplitude and dwell time is studied. The results depend also on the fluid
rheology. The viscosity of the chosen fluid is a function of the concentration, as
the viscoelastic properties increase at higher concentration. In this chapter, the
droplet formation process is characterized in terms of both the waveform and the
rheological properties of the solution. The characterization of the fluids and
waveform will be pursued first and the droplet formation and its control will be
studied. Finally the results will be presented with a map in ranges of the
Ohnesorge, Deborah and Weber numbers.
The objective of this chapter is to find waveform conditions and material
properties that lead to successful droplets by understanding the droplet formation
behavior in case of a viscoelastic fluid as aqueous solutions of sodium alginate.
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This is done by investigating the filament, satellite droplet and/or “beads-on-astring” (BOAS) formation, droplet size, ejection speed and break-up time. In
order to compare viscoelastic and Newtonian inks, glycerol water solutions are
chosen as Newtonian fluids and aqueous solutions of sodium alginate as
viscoelastic fluids and their respective dynamics in an inkjetting process are
studied. The concentrations are such that the corresponding zero-shear viscosities
match: 57% (v/v) for glycerol and 0.5% (w/v) for alginate solution; 67% (v/v) for
glycerol and 1% (w/v) for alginate solution respectively.

6.1. DOD inkjetting of aqueous solutions of sodium alginate
A challenge in DOD-based inkjet printing is to choose waveform parameters
that will drive the meniscus in such a way that one droplet forms per pulse period.
The meniscus will either become concave (negative pressure), flat (zero pressure)
or convex (positive pressure) depending on the pressure created by the waveform.
The meniscus tip location is defined by x5. The waveform controls this since it
creates pressure waves starting from the piezo-device, traveling through the fluid
to the orifice, causing meniscus oscillations (Bogy and Talke 1984; Kwon 2009).
Unless otherwise specified, the standard waveform used in this study is a bipolar
waveform with pulse times t p1  t p 2  t p3  t p  3 s , dwell times t1  t2  td  30 s and
voltage amplitudes V1  V2  V  50V . The first idle time is set to zero, and the
second idle time is set by the waveform frequency and kept relatively large so that
the residual oscillations of the meniscus can settle before a following pulse. In
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order to keep the second idle time large, the frequency is set at 100 Hz, but not
lower in order for jetting to occur, as described by Yan et al. (2011). The delay
time ( t0 ) between the initiated waveform and the forward motion of the fluid
meniscus is ~50±15 μs for all of the cases in this study. First, the waveform
parameters will be investigated in order to optimize conditions for a given
viscoelastic fluid in the semi-dilute regime (0.5% or 1% alginate), and to
understand the mechanisms governing the droplet formation of a viscoelastic ink
compared to an equivalent Newtonian fluid (57% or 67% glycerol-water). The
effects of the voltage amplitude and dwell time will be studied in terms of droplet
formation characteristics (i.e. filament and tail length, satellite droplet and/or
BOAS formation, droplet size and speed and droplet flight path.). These
characteristics will determine “good printability conditions” (i.e. conditions that
lead to successful droplets) and will be studied for alginate solutions and
compared to those of the equivalent glycerol solutions.

6.1.1.

Effect of voltage

In this section, Newtonian and viscoelastic droplet formation is compared in
terms of velocity and size of the ejected fluid under different voltage amplitudes.
Figure 6.1 shows sequences of images of droplet formation for select alginate and
glycerol concentrations under three different voltage amplitudes since this section
will address the difference between Newtonian and viscoelastic fluid behavior.
The viscoelastic fluids chosen are 0.5% and 1.0% alginate, which are both in the
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same regime: semi-dilute unentangled, not the dilute regime or the semi-dilute
entangled regime due to difficulties in printing. Equivalent Newtonian fluids were
used to compare the droplet formation behavior to alginate solutions: 57% and
67% glycerol corresponding to the 0.5% and 1.0% alginate respectively. Three
voltage amplitudes are taken here: 30 V, 50 V and 70 V. The lower voltage limit
is chosen to guarantee ejection and the upper limit is to make sure break-up
occurs within camera view.
In general for both fluid types the droplet speed, amount of ejected fluid and
ligament length increase with the voltage amplitude. When the voltage amplitude
is increased, the piezo-sleeve will undergo more deformation causing a higher
pressure on the ejecting fluid, which will result in the increased ejection speed and
ejected fluid volume.
When the voltage amplitude is 30 V (Fig. 6.1 (a), (b), (g) and (h)), all four
materials show similar droplet formation behavior. No satellite droplets were
formed as the momentum is relatively low and the fluid tail or ligament is short,
draining into the droplet head rather than breaking apart into a satellite.
The 50 V cases start to show different droplet formation behavior for the
different fluids. Comparing the lower concentration of glycerol (Fig. 6.1 (c)) and
alginate (Fig. 6.1 (d)) it can be observed that both result in a satellite droplet.
Pinching due to surface tension occurs both at the nozzle orifice location
(generally first break-up or detachment) and just above the bulbous head of the
ejected fluid. The ligament evolution of the Newtonian fluid differs from the
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viscoelastic fluid. That is the Newtonian filament forms a dumbbell-like
morphology as can be seen in Fig. 6.1 (c) at time steps 250-270 µs. This is due to
the pinching at the ends of the filament making bulbous heads on either side. The
viscosity and inertia govern the length of the connecting “bar” between these
heads and whether it will collapse together or separate into two droplets. This
ligament morphology is also described in Castrejon-Pita et al. (2012). The higher
concentration (Fig. 6.1 (i)) also shows this morphology with a longer connecting
filament due to the higher viscosity. The low viscoelastic evolving ligament
shows the development of BOAS, but due to the low polymer concentration the
thread breaks and satellite droplets are formed. The satellites merge and form a
single satellite droplet that trails the primary droplet with nearly the same size and
velocity. The higher viscoelastic concentration shows a long thinning thread that
likely will results in BOAS too. The elasticity due to the molecular chains allows
the fluid ligament to stretch and thin to extremely small diameters without
breaking compared to its Newtonian counterpart. This dominating elastic effect
compared with the inertia effect delays break-up and can be observed at two
locations: fluid ejection at the orifice and just before break-up. In Fig. 6.1 (j) and
(l), the upper part of the filament is deformed, the ejection process introducing
some bending effect.
The 70 V cases (Fig. 6.1 (e), (f), (k) and (l)) show similar morphological
differences between the Newtonian and viscoelastic fluids as described for the 50
V cases, but more distinctive. For the lower concentrations, the Newtonian fluid
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ejects as a long tapered ligament pinching just above the bulbous head. After the
ligament detaches from the nozzle, secondary break-up is about to take place just
above the head, leaving behind a long trailing filament, which will become a large
satellite droplet. The viscoelastic ligament thins and begins pinching near the head
and the orifice. As the fluid continues to eject it gathers at the head into an almost
perfectly spherical droplet connected by a thin cylindrical filament (“ball-andstick morphology”) to the nozzle. The ligament detaches from the nozzle location,
leaving a long, thin tail that merges into the primary droplet, never breaking off
into a satellite droplet. This “exponential” ligament thinning and stretching is a
well-known phenomenon for viscoelastic droplet formation (Bousfield et al. 1986;
Renardy 1995; Cooper-White et al. 2002), and is often referred to as
elastocapillary thinning (McKinley 2005). Surface waves form along the tail due
to capillarity. They eventually generate bulges along a thread-like connecting tail
but do not break apart due to the elastic forces. This leads to the uniquely
viscoelastic phenomenon, BOAS. It has been reported that BOAS occur when
elasticity is coupled with a dominant inertia (Bhat et al. 2010).
For a more quantitative representation, the x1, x2, x3 and x4 locations can be
traced from the images in Fig. 6.1. This droplet flight path during its formation is
shown in Fig. 6.2 for the same fluids as a shown in Fig. 6.1 (57% and 67%
glycerol and 0.5% and 1.0% alginate) and the same voltage amplitudes (30V, 50V
and 70V).
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57 % glycerol

0.5% alginate

30 V a)

b)

50 V c)

d)

70 V e)

f)

Fig. 6.1 (a) - (f) Comparison of 57% glycerol and 0.5% alginate different voltage
amplitudes (30 V, 50 V and 70 V). Scale bars are 200 µm and time minus the
delay time (t-t0) denoted above images in µs.
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67 % glycerol

1.0% alginate

30 V

g)

h)

50 V

i)

j)

70 V

k)

l)

Fig. 6.1 (g) – (l) Comparison of 67% glycerol and 1% alginate different voltage
amplitudes (30 V, 50 V and 70 V). Scale bars are 200 µm and time minus the
delay time (t-t0) denoted above images in µs.
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Fig. 6.2 (a) – (f) Representative images of droplet evolution under different
voltage amplitudes for comparing Newtonian and viscoelastic ink behavior
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Fig. 6.2 (g) – (l) Representative images of droplet evolution under different
voltage amplitudes for comparing Newtonian and viscoelastic ink behavior
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The droplet x1 position as a function of time is shown in Fig. 6.3 (a) for the
lower concentrations and Fig. 6.3 (b) for the higher concentrations under different
voltage amplitudes. For the lower concentrations, the viscoelastic fluid travels
more distance for a given time than the Newtonian fluid. But for the higher
concentrations in Fig. 6.3 (b) for the low voltages (30-50 V) the viscoelastic and
Newtonian fluids travel almost the same distance for the given time duration.
When the voltage increases (70-80 V) the viscoelastic travels less distance than its
equivalent Newtonian fluid. This is due to the increased elastic effect that
dominates for higher polymer concentration which slows the x1 motion.
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Fig. 6.3 Primary droplet distance traveled for (a) 57% glycerol with 30 V (+), 40
V (+), 70 V (+), 80 V (+) and 0.5% alginate with 30 V (□), 40 V (□), 70 V (□),
80 V (□) and (b) 67% glycerol with 30 V (+), 40 V (+), 70 V (+), 80 V (+) and
1% alginate with 30 V (□), 40 V (□), 70 V (□), 80 V (□)
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6.1.1.1.

Effect of voltage amplitude on droplet velocity

The DOD waveform has many possible input parameters and the actual
pressure exerted on the fluid will be different for different piezoelectric devices
and different dispense heads. The DOD waveform can be characterized with the
ejection velocity and the total volume of fluid ejected. The ejected volume will be
discussed in Section 6.1.1.2. The velocity of the fluid ejected during the first ~15
µs is constant after the beginning of the ejection. Figure 6.4 shows the ejection
and beginning of the stretching phase of a Newtonian (57% glycerol) and a
viscoelastic (0.5% alginate) fluid.
The ejection velocities are shown in Fig. 6.5 for two types of fluids. They
increase almost linearly with the voltage amplitude for the low concentrations.
The two viscoelastic fluids have a higher ejection velocity than the Newtonian
fluids. Figure 6.5 displays a higher ejection velocity for the lower alginate
concentration. With an increasing voltage amplitude the differences between the
ejection velocities of the viscoelastic and corresponding Newtonian fluids
decreases, and tend to zero for the higher concentration.
In Fig. 6.6 the evolution of the velocity or the leading point (x1 location) is
presented for both fluids and different voltage amplitudes. The velocity decreases
as x1 moves from the nozzle and reaches as plateau after about 120 μs for all the
fluids. At this point, they reach a terminal velocity, which is taken as the primary
droplet speed.
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57% glycerol

0.5% alginate

50V

70V

Fig. 6.4 Representative images of ejection velocity for a Newtonian and
viscoelastic fluid with 50 V and 70 V voltage amplitudes. Scale bar 200 µm and
time minus the delay time (t-t0) displayed above images in microseconds
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Fig. 6.5 Ejection velocity for the Newtonian and viscoelastic fluids for
different voltage amplitudes
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Fig. 6.6 Primary droplet speed for (a) 57% glycerol with 30 V (+), 40 V (+), 70 V
(+), 80 V (+) and 0.5% alginate with 30 V (□), 40 V (□), 70 V (□), 80 V (□) and
(b) 67% glycerol with 30 V (+), 40 V (+), 70 V (+), 80 V (+) and 1% alginate 30
V (□), 40 V (□), 70 V (□), 80 V (□)
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In Fig. 6.7 the primary droplet velocity is shown for both fluid types while
varying the voltage amplitude. The droplet velocity increases nearly linearly with
the voltage amplitude for the low concentrations of glycerol and of alginate, but
the high concentration of alginate shows a non-linear trend with voltage. The
primary droplet speed has the same trends when compared to the ejection speed
for 57% glycerol, 67% glycerol and 0.5% alginate. The 1% alginate has close
values for the low voltage amplitudes, but as the voltage increases, the primary
droplet speed decreases which deviates from the ejection velocity trend. This
deviation is due to entanglement dynamics that come into play after ejection when
the concentration is high.
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Fig. 6.7 Primary droplet speed for different voltages for the Newtonian and
viscoelastic fluids
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6.1.1.2.

Effect of voltage amplitude on droplet size

The droplet size is an important outcome to precision control in inkjetting
applications. In Fig. 6.8 the scaled ejected volume ( equivalent as defined in Eqn.
6.1) is reported.
1/3

1/3

equivalent 

1  3 
 V
R0  4 



1  3 4 3
4 3

 rprimary   rsatellite



R0  4  3
3
 



requivalent
R0

(6.1)
where V is the ejected volume and rprimary and rsatellite are the equivalent radii of the
primary and satellite droplet respectively. In order to understand the driving
waveform effect on the amount of fluid dispensed out of the nozzle, an equivalent
droplet radius is defined in Eqn. 6.1 and scaled by the nozzle radius, R0 , as in
other studies in droplet formation (Basaran 2002; McKinley 2005; Bhat et al.
2010; Ardekani et al. 2010). Figure 6.7 illustrates that increasing the voltage
amplitude will lead to an increase in the ejected volume for both the Newtonian
and viscoelastic fluids. This is due to an increased displacement of the piezosleeve for higher voltages, which will displace more fluid leading to more ejected
volume. Although this is well-known result for Newtonian fluids (Reis et al.
2005; Fan et al. 2008; Gan et al. 2009), a viscoelastic fluid may show a variation
to that trend due to its elasticity. Generally the ejected volume of the viscoelastic
fluid increases with the voltage, which is in agreement with the study done by
Shore and Harrison (2005). In Fig. 6.8 it can be seen that for a given voltage
amplitude the amount of ejected fluid for the higher concentrations is less than for
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that of the lower concentrations due to the increased viscosity. For the lower
Newtonian and viscoelastic concentrations, the volumes are nearly the same. The
higher concentrations of glycerol and alginate result in very similar volumes too,
meaning the volume does not depend on the fluid type.

equivalent

1.5
1.4
1.3

57% glycerol
0.5% alginate
67% glycerol
1.0% alginate

1.2
1.1
1
0.9
0.8
20

30

40

50
60
Voltage (V)

70

80

Fig. 6.8 Equivalent droplet radius as a function of voltage amplitude for different
materials

6.1.2.

Effect of dwell time

When an electric signal is sent to the piezoelectric device, the physical
response is a radial deformation inward or outward. In DOD inkjetting, the
driving parameters are voltage, pulse time, dwell time and frequency. The
waveform input determines the radial motion of the piezo, which in turn will
deform the channel wall of the nozzle. This deformation creates pressure waves
inside the channel, directly affected by the voltage (Chen et al. 2002). The pulse
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times (steps 1, 3 and 5 in Fig. 6.9) as it is the duration of the piezo motion, also
have an effect on the pressure wave. The dwell time (step 2 in Fig. 6.9) is the
duration of the first applied voltage and corresponds to the duration that the piezosleeve is held in the expanded position.
1
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2
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5

b)

V

t

c)

p

t
Residual oscillations

t

d)
Delay time

Fig. 6.9 Schematic of (a) radial piezo motion driven by (b) input voltage
waveform, (c) resulting pressure pulse, and (d) meniscus response motion

The dwell time has been an operating condition of interest for decades due
to its unique cyclic effect on DOD-based droplet formation. The pioneering
researchers Bogy and Talke (1984), gave the first insight to this phenomenon by
83

studying the pressure waves generated by the piezo motion traveling inside the
nozzle channel. When the piezo radially expands (increasing voltage) it leads to
two negative pressure waves propagating in both directions. When the wave hits a
boundary (open-end boundary condition on the left, and approximated as a
closed-end on the right), it will reflect and travel in the opposite direction. At the
open-end the wave will reflect with an opposite sign (becoming positive). Then
the piezo will return to equilibrium (decreasing voltage) after remaining in the
expanded state during the dwell time. This inward piezo motion will create a
positive pressure wave inside the nozzle channel. The dwell time that theoretically
would align the pressure waves to be in-phase is called the optimal dwell time in
Bogy and Talke’s study and is approximated as the channel length, L (from the
orifice to the end of the channel where it is connected to the reservoir) over the
speed of sound, c, for the given ink, td ,opt ~ L/c. Szczech et al. (2002)
experimentally studied the droplet velocity as a function of dwell time in order to
find the optimal dwell time using silver nanopowder mixed in water. Later
Wijshoff (2008) numerically considered the evolution (with time) of the pressure
inside the nozzle as a damped oscillation due to the reflected wave constructively
interfering. Kwon studied the pressure waves in a DOD nozzle system by
observing the meniscus motion, and introduced an “optimal dwell time” attained
when the pressure waves are aligned leading to an increased pressure amplitude as
illustrated in Fig. 6.10.
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Fig. 6.10 Traveling waves and periodic reflections

In Fig. 6.11, images of the ligament for different dwell times just before
the fluid ligament detached from the nozzle are presented. It can be seen that the
ligament length increases until a “critical dwell time” and then decreases. The
alignment of the pressure waves leads to the maximum length of the ligament.
This “critical dwell time” corresponds to the ‘optimal’ dwell time defined by
Bogy and Talke (1984).
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8, 10, 12, 13, 15, 16, 20, 25, 30, 35, 40, 42, 43 µs

Fig. 6.11 Ligament length just before break-up as a function of dwell time (V=±60
V, f=100 Hz, tp = 3 µs for 0.5% alginate)

Pressure waves are generated with the rising or falling sections of the
input waveform. By strategically choosing the dwell time (time between pressure
pulses), the pressure waves can be aligned to be in-phase, and therefore increase
the pressure amplitude without increasing the voltage amplitude. For this reason
the time between the pressure pulses, the dwell time, can be optimized in terms of
the fluid properties (density and wave speed) and the nozzle length. If the
‘optimal’ dwell time td ,opt is achieved, it results in the maximum droplet velocity
for a given voltage and material. This typically corresponds to a larger droplet
size, since more fluid flows out of the nozzle in a given amount of time. Kwon
recommends a 20% to 30% increase in the choice of dwell time from the
optimized one to eject fluid but to suppress the satellite droplets.
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6.1.2.1.

Effect of dwell time on droplet velocity

The effect of the dwell time on the ejection velocity and the primary
droplet speed will be compared for water and 0.5% sodium alginate. The ejection
speed shown in Fig. 6.12 (a) has a maximum value at the optimal dwell time. The
optimal dwell times are deduced from Fig. 6.12 and are found to be 23-24 μs for
deionized water and 20-22 μs for 0.5% alginate solution. This means that the
pressure waves travel faster through the alginate solution than through the
deionized water. The amplitude of the ejection velocity is almost the same for the
two materials, supporting the theory that the ejection velocity can be considered
independent of the material properties and is a function only of the waveform
parameters. After ejection though, the material properties affect the droplet
formation including the velocity of the primary droplet (x1 location). In Fig. 6.12
(b), the primary droplet speed for water and alginate are shown. The optimal
dwell times shift slightly from the prediction in Fig. 6.12 (a) of the ejection
velocity, probably due to the momentum transfer when satellite droplets separate
and merge from the primary droplet. In Jo et al. (2009) for glycerol the same
increasing then decreasing velocity trend is seen for the primary droplet speed as
is seen in this study for alginate and water.
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Fig. 6.12 (a) Ejection velocity of deionized water and 0.5% alginate at 50
V and (b) primary droplet speed as a function of dwell time for deionized water
and 0.5% alginate at 50 V
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6.1.2.2.

Effect of dwell time on droplet size

The ejected volume is represented here in Fig. 6.13 for 0.5% alginate and
water. For Newtonian fluids, the droplet radius has been reported to increase and
then at a critical point decrease with the dwell time (Jo et al. 2009; Herran et al.
2012). In Fig. 6.13, it can be seen that the normalized radius for the viscoelastic
fluid behaves similarly to that of the Newtonian fluid with the dwell time. The
ejected volume for water is higher than for alginate due to a smaller viscosity.
Again, the water crests before the alginate due to differing pressure wave speeds.
The maximum droplet size for both fluids corresponds with the maximum
primary droplet speed in Fig. 6.12 as expected. For the optimal dwell time, both
the ejected volume and velocity are at their maximum. This is due to the
maximized pressure pulse obtained by aligning the pressure waves to be
synchronized.
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Fig. 6.13 Effect of dwell time on normalized droplet radius for deionized water
and 0.5% alginate at 50 V

6.1.3.

Phase diagram

The main purpose for understanding the waveform effects on the ejection
velocity, primary droplet speed and ejected volume is to better know how to
control the production of droplets. Phase diagrams have been developed for four
different concentrations of alginate under a variation of the voltage amplitude and
dwell time to define regimes for printing successful droplets. Figure 6.14 shows
four main regimes: “x” for no droplet formed, white squares (□) for satellite
droplets or gray (■) for BOAS formation and black squares (■) for successful
droplet formation.
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Fig. 6.14 Phase diagrams for different alginate concentrations and regimes
defined inside of voltage amplitude-dwell time space with successful droplet (■),
BOAS (■), satellite droplets (□), and no droplet formation (x)

The effect of the pressure wave alignment can be seen by considering the dwell
time axis. When the dwell time is “optimal”, there are more satellite droplets or
BOAS formation unless low voltages are used. When the waves are exactly outof-phase, it takes a high voltage amplitude to print successful droplets. Otherwise,
the pressure at the orifice will be too low for ejection of the fluid. The lowest
alginate concentration 0.25% behaves almost like a Newtonian fluid as no BOAS
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formed. Only one small regime with out-of-phase pressure waves and low
voltages can achieve successful droplets. For the 0.25% alginate, with its low
viscosity and elasticity, it is most likely that satellite droplets will form.
Increasing the alginate concentration starts to divide the successful regime into
two parts.
Also it is apparent that the polymer concentration affects the droplet outcome.
In the next section, a systematic study will be done on the effect of the
concentration on droplet formation.

6.1.4.

Effect of concentration

The concentration effect on the droplet formation was considered in each of
the different regimes: dilute, semi-dilute unentangled and semi-dilute entangled.
Figure 6.15 shows the jetting, stretching and pinching process for different
concentrations. A concentration was chosen from each regime to illustrate the
process of forming droplets at different times. The concentrations scaled with the
coil overlap concentration are: 0.2 for the dilute regime, 3.1 for the semi-dilute
unentanlged regime and 5.9 for the semi-dilute entangled regime for times 30-250
µs and 5.9 for times 350–450 µs due to its delay in break-up. In Fig. 6.15, the first
break-up occurs for the dilute solution at time 130 µs at the head of the droplet.
This is different from the semi-dilute solutions which detach first at the orifice
location. The unentanlged solution breaks first at time 210 µs. This delay is due to
the increase in viscosity of the fluid opposing break-up. The entangled solution
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does not break until 450 µs or later with a thin thread. This thread has nearly the
same length as at 110 µs but is much thinner. These effects are due to the high
elasticity opposing break-up or even elongation of the thread. The molecular
chains cling together as the fluid drains to the head of the droplet until it
disintegrates into tiny satellite droplets.

Fig. 6.15 Droplet formation for a c/c* in each regime for time minus the delay
time (t-t0) with 50 V voltage amplitude

The evolution of the distance from the nozzle orifice to the leading point of
the primary droplet (x1) is shown in Fig. 6.16 (a) for different scaled
concentrations c/c* and a 50 V voltage amplitude. In Fig. 6.16 (a) a cluster can
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be seen of x1 values at the lower reduced concentrations c/c* in the dilute regime.
The distance traveled are nearly the same for a given time duration for a given
waveform. In the semi-dilute regime the distances traveled at different c/c* are
more spread out. These results extend those presented in Fig. 6.3. This can also be
observed by measuring the droplet velocity (Fig. 6.16 (b)) which is obtained from
the slopes of the tangent to the curves in Fig. 6.16 (a). The terminal velocity is
reached at around ~200 µs for all of the c/c*. Generally, increasing c/c* results in
decreasing velocity due to the increase in viscosity (and in some cases
entanglement) which oppose the kinetic energy from the ejection. The dilute
concentrations and even the first two concentrations in the semi-dilute regime
velocities are close whereas there is more of a velocity change once the c/c*>2
due to increasing zero-shear viscosity and the increasing elasticity.
The ejection velocity for different c/c* can be seen in Fig. 6.17 (a). It is nearly
constant for different dilute concentrations and is primarily a function of the
voltage amplitude. This agrees with the result in Dong and Carr (2006) for
Newtonian inks, and with the previous results (Fig. 6.5). In Fig. 6.17 (b) the
dependence is more obvious. The increased entanglement makes the fluid
behavior more complex and more difficult to predict the ejection velocity.
Generally the ejection velocity increases with the voltage amplitude for the semidilute regime as it did in the dilute regime.
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Fig. 6.17 (a) Ejection velocity as a function of c/c* for dilute and (b) for semidilute concentrations under different voltage amplitudes
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6.1.5.

Discussion of droplet behavior

Understanding the droplet formation mechanisms and governing effects can
help explain the results shown in Sections 6.1.2-6.1.4. In this section, an
analytical method for predicting the break-up time will be implemented for a
viscoelastic, Newtonian and inviscid fluid. The results will be compared in order
to better isolate the effect of the elasticity and viscosity on the fluid break-up.
Then, dimensionless numbers will be introduced to form a generalized phase
diagram that can be applied for different DOD waveforms and different viscous or
viscoelastic fluids.

6.1.5.1.

Break-up time prediction

The influence of polymers on jet break-up has been studied by some (Mun et
al. 1998, Middleman 1969, Brenn et al. 2000) using a classical methodology from
linear stability analysis. The model developed for Newtonian fluids (Eggers 1997)
has been extended to a viscoelastic jet by Goldin et al. (1969) and then by Brenn
et al. (2000). The model can be applied to aqueous solutions of sodium alginate
and leads to a dispersion equation for the determination of the maximum growth
rate. In this study, the linear theory is expected to predict the break-up time for
lower concentrations of alginate, but at and above a critical concentration the nonlinearities cannot be neglected and the break-up times cannot be predicted with
the linear theory. The critical concentration will be defined by using the linear
theory and comparing the results to the experimental break-up times.
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Starting with a viscoelastic cylindrical jet, an axisymmetric disturbance  ' is
applied of the form
 '  ˆ exp  ikz  t 

(6.2)

where ˆ is the initial disturbance amplitude, k the wavenumber (2  /  ),  the
wavelength and  the temporal growth rate.
The tentative viscoelastic model chosen is the Oldroyd-B model. The
deviatoric stress tensor  is expressed in term of the stress rate tensor  as:

  eff



 

  0    ret

t
t 


(6.3)

where  0 is the Newtonian viscosity and ret the retardation time. The retardation
time is defined (Bousfield 1985) as:

ret  eff s 0

(6.4)

In a future study, the choice of models to describe aqueous solutions of sodium
alginate will be discussed. A dispersion equation was derived by Brenn et al
(2000) for a jet moving through an inviscid gas, which matches the relation found
by Goldin et al. (1969) when the effect of the surrounding gas is neglected. The
dispersion equation relating the real frequency r to the wavenumber k can be
rewritten as:

r 2


kR0 I 0 (kR0 )
I (kR ) l 2
I (lR ) l 2 
 (r ) 2 
 r
k  2kR0 0 0 2 2  1  2lR0 0 0 2 2 
2 I1 (kR0 )

I1 (kR0 ) l  k
I1 (lR0 ) l  k 


 k2
1  k 2 R02 
2  R0
(6.5)
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where:

 r   0

1  retr
1  eff r
(6.6)

l 2  k 2  0

 r
 r 
(6.7)

The experimental results show that the wavelength is large compared to the
nozzle radius and it is possible to consider solutions in the case k R0  1 . A
dimensionless version of the dispersion equation is deduced from Eqn. 6.5,
relating the dimensionless growth rate r  



r

 R 03 

12

and the dimensionless

wavenumber k R0 :
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(6.8)
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(6.9)

With the assumption k R0  1 , Eqn. 6.8 simplifies into the following equation:

k 2 R02
1   De r 
r  3 r k R0 Oh

1  k 2 R02   0


1  De r
2
2

 2

2

(6.10)
Using this dispersion relation the definition in Eqn. 6.10, the stability plots are
obtained and shown for different values of c/c* in Fig. 6.18 (a). Increasing the
concentration of either the alginate or glycerol will increase the stability,
prolonging the jet before it breaks into a droplet. This suggests an increasing
break-up time for increasing concentration. In Fig. 6.18 (b), three stability plots
are compared, one corresponding to an inviscid fluid, another one to a Newtonian
fluid and the last one to the concentration ratio c/c*=2.9. With linear theory, the
onset of instability is only considered. The results show in this case an increase in
the growth rate for viscoelastic fluids compared to Newtonian fluids with the
same Ohnesorge number. As the deformations increase, the linear theory can no
longer be applied and the non-linearities delay break-up, stabilizing the break-up
mechanism.
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Fig. 6.18 (a) Dimensionless growth rate ω* as a function of dimensionless
wavenumber for different reduced concentrations of alginate and (b) for
c/c*=2.9 and a Newtonian with the same Oh and inviscid fluids
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It is assumed that the greatest disturbance causes both the primary
(detachment from the nozzle) and secondary break-up (break-up of the free liquid
filament) (Middleman 1965) (Mun et al. 1998) (Dong and Carr 2006). This allows
the amplitude of the disturbance to be defined as

   0 exp(max t )

(6.11)

where  0 is the disturbance amplitude corresponding to max . The break-up time
is generally defined as the time at which the disturbance reaches an amplitude
equal to the jet radius. Since the jet radius is scaled by the radius of the orifice, the
break-up time ( tb ) can be defined as:

R  

tb  ln  0   R  C  R
r ,max
  0  r ,max

(6.12)

The break-up time for a given viscoelastic fluid depends on the coefficient
C. This coefficient can be determined by through Eqn. 6.12 using the break-up
times tb (break-up time or detachment time) measured for the different materials
and for different voltage amplitudes, as shown in Table 6.1. This methodology
was used in Dong and Carr’s (2006) study and in Jo et al.’s (2009) study for a
viscous fluid.
The break-up times for alginate concentrations 0.5% and 1.0% are
considered as well as their equivalent viscous Newtonian fluids 57% and 67%
glycerol respectively and deionized water as a reference material in Table 6.1. It
can be seen that the constant C is not constant as the theory predicts by Dong and
Carr (2006) and depends on the fluid. Generally speaking, the voltage has a slight
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increasing effect on the break-up time for all the concentrations except 1.0%
alginate and is nearly constant across the voltage range 30-70 V. The break-up
time is nearly constant across the voltage range 30-70 V. The 1.0% alginate
break-up time greatly increases with the voltage amplitude. This is due to the
higher elastic effects which will depend on the ejection velocity and therefore the
voltage amplitude. The experimental results and those predicted by the linear
theory show the same trends except for the higher concentration of sodium
alginate. The semi-dilute solution exhibits a non-linear behavior leading to a net
increase in the break-up time. The stability analysis and Eqn. 6.12 can predict the
tendencies and order of magnitudes of the break-up times for the Newtonian
fluids and dilute concentrations.
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Fig. 6.19 Detachment time (tb-t0) of fluid from nozzle as a function of c/c* with
regimes separated by dashed lines
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Table 6.1 Break-up time parameters for different fluids
tb-t0
R
Material Volts
ωmax* tca/ωmax*
(meas.)
%
±V
µs
µs
µs
30
99
50
86
DI-water
54.47
0.34
160.6
70
100
30
180
57%
glycerol50
58.72
0.27
217.5
185
water
70
188
30
180
67%
glycerol50
61.79
0.18
343.3
188
water
70
190
0.5
30
160
(w/v)
50
165
69.5
0.30
231.7
alginate70
160
water
1.0
30
175
(w/v)
50
260
71.17
0.24
296.5
alginate70
295
water

C

0.62
0.54
0.62
0.83
0.85
0.86
0.52
0.55
0.55
0.69
0.71
0.69
0.59
0.88
0.99

The experimental break-up times are shown as a function of the reduced
concentration in Fig. 6.19. Generally the time before rupture increases for
increasing c/c* with a change in the slope at the transition between the
unentangled and entangled regimes.
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Fig. 6.20 (a) Length of ligament at rupture (voltage amplitude 50 V) for different
c/c* (b) Lb as a function of c/c* for different voltage amplitudes
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Interestingly the break-up length (Lb) increases with the concentration
until the coil overlap concentration is reached, then Lb decreases. This ligament
trend was also observed in Xu et al. (2007) with a cellulose ester polymer. The
alginate filaments just before break-up are shown for different c/c* in Fig. 6.20
(a) and lengths are reported for different voltage amplitudes in Fig. 6.20 (b). The
break-up length increases with c/c* initially due to increasing elasticity. When the
polymer chains start to overlap the elasticity drastically increases, resisting the
inertia of the ligament. Increasing voltage amplitude will increase the Lb, but in all
the voltage cases the maximum Lb is at c/c*=1.

6.1.5.2.

Scale analysis

Many authors in the past have offered dimensionless numbers that describe
how to obtain “successful” droplets in DOD inkjetting using a viscous fluid (Kim
2012). Clasen et al. (2011) developed a rheological map for dripping and jetting
experiments to define a ‘multi-axis’ phase diagram with key dimensionless
numbers comparing different characteristic velocities. In their study, they
identified the predominant forces that stabilize and destabilize the jet. But very
few authors have attempted to explain DOD inketting of a polymer fluid in the
semi-dilute regime. Droplet formation in a DOD process is difficult to
characterize due to the task of capturing the fluid motion at the ejection stage,
which differs from a CIJ process. The ejection velocity must be measured for
each waveform in order to characterize the DOD process. The evolution of a
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Newtonian jet is the result of the competition of three mechanisms: one is driving
capillarity; the other two are opposing inertia and viscosity. As introduced by
Clasen et al. (2011), the control of the instability depends on the smallest velocity
between the inertia velocity U     R0 and the viscous velocity U   0 .
For DOD, the ejection velocity comes into play, leading to two nondimensional
numbers:
The Weber number

 U eject
We  
 U
 

2

2

U eject
R0
 



(6.13)

The Ohnesorge number

Oh 

U
U



0
 R0

(6.14)

For a viscoelastic jet, another velocity, characterizing the thinning of the
filament, can be introduced: the elastic velocity U   R0 eff . For DOD, the
comparison of the four velocities leads to three nondimensional numbers: the
Weber, the Ohnesorge and the Deborah (De) numbers.
De 

U
U



eff
 R03 / 

(6.15)

The Ohnesorge and Deborah numbers are the material-based numbers for a
given setup, the Weber number being the dynamic-based one.
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Table 6.2 gives the Ohnesorge and Deborah numbers for different dilute and
semi-dilute solutions of sodium alginate. The Ohnesorge numbers are of order
one, showing a not highly viscous behavior. The Deborah numbers remain of
order one for the dilute and semi-dilute unentangled regime, becoming larger than
10 for the semi-dilute entangled regime.
In Fig. 6.21 the Ohnesorge number is plotted against the Weber number to
define regions showing the resulting droplet quality based on the relative viscous,
capillary and inertial influences on the droplet formation dynamics. The droplet
type or quality is determined. In Fig. 6.21, the black circles in Region I represent
the “successful” (single, uniform and spherical) droplets. When the viscosity is
low enough, as for water, the ejection velocity has to be low enough to avoid
multiple droplet formation. But as the viscosity increases, inertia needs also to
increase in order to be able to eject a volume of fluid, but not too much to break
the jet into multiple droplets. This is why Region I opens like a cone towards the
upper-right of the Oh-We diagram. Region II is the satellite droplet formation
section and close by Region III is where BOAS occur. In Region IV no droplets
could be formed since no volume of fluid is ejected. For sodium alginate, being a
viscoelastic fluid, the Weber and Ohnesorge numbers are not enough to capture
the physics behind the droplet formation result. The Deborah number introducing
the elastic effect must also be considered. Fig. 6.22 is a similar diagram but with
De-We space shown. It can be seen that the largest part of Region I lies in the
semi-dilute entangled regime. With more entanglement of the polymer chains, it
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is more difficult to break the molecules apart, thus the long-lived filaments that
oppose break-up. This keeps the fluid from multiple break-up even with higher
inertia.

Table 6.2 Relevant concentrations for different c/c* alginate solutions
c
c/c* Oh
De
Regime
(g/dL) (--) (--)
(--)
0.125 0.4 0.06 5.2
Dilute
0.25
0.8 0.12 5.7
0.50
1.6 0.19 6.0
Semi-dilute
0.75
2.3 0.34 7.0
unentangled
1.00
3.1 0.60 8.0
1.50
4.9 1.58 12.4
Semi-dilute
entangled
2.00
6.3 2.70 22.1
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Fig. 6.21 Weber-Ohnesorge space for four regimes of droplet formation for
different alginate concentrations and conditions with successful droplet (●),
satellite droplets (▼), BOAS (□), and no droplet formation (x)
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Fig. 6.22 Weber-Deborah space for four regimes of droplet formation for different
alginate concentrations and conditions with successful droplet (●), satellite
droplets (▼), BOAS (□), and no droplet formation (x)

6.2. Summary
Droplet formation of aqueous solutions of sodium alginate was studied using a
DOD process. The objective of this study is to define the conditions on the
waveform or on the ejection process to obtain successful droplets from a given
DOD setup using aqueous solutions of sodium alginate.
First the choices of the voltage amplitude and the dwell time have been
discussed to ensure the formation of a unique repeatable droplet. The droplet once
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produced was characterized by its size and its velocity. The results were obtained
for both viscoelastic and Newtonian fluids, compared and summarized in phase
diagrams. Then, the effect of the concentration on the droplet formation has been
studied. It was shown that with increasing reduced concentration the alginate
behavior went through different regimes: a dilute regime, then for c/c*>1 a semidilute regime first unentangled and then for c/c*>3.8 entangled. In order to
defined the conditions to obtain successful droplets, nondimensional numbers
have been introduced to classify the inertial, viscous and elastic effects as the
Ohnesorge and Deborah numbers. The Weber number is associated to the ejection
velocity and for a given fluid is related to the process. The results have been
summarized in two maps. For “guaranteed” successful droplets the parameters
should lie within the given ranges: 150<We<260, 0.5<Oh<3 and 5<De<20.
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Chapter 7
Numerical analysis of droplet formation in inkjet
printing

In the previous chapters droplet formation has been experimentally studied. It
is desirable to be able to model this process numerically. First the volume of fluid
method was used to solve the axisymmetric jet problem. Then a one-dimensional
code was developed using the numerical method of lines for studying the thinning
and breaking of a fluid jet and filament. A method is proposed for solving the
DOD droplet formation problem.

7.1. Background
Since the pioneering jet instability study by Rayleigh (1879), there have
been numerous analytical and numerical efforts to further understanding jetting
dynamics (Stone 1994), (Eggers 1997). On the analytical side, Rayleigh further
discussed the incompressible viscous liquid surrounded by an inviscid fluid and
found that for a very viscous liquid jet the maximum instability occurred when the
wavelength was infinite (Rayleigh 1892). In the presence of a viscous surrounding
fluid, Tomotika (1935) found that the maximum instability occurred at a certain
viscosity-dependent wavelength. Using a high-order perturbation theory, Nayfeh
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(1970) found that the cutoff wavenumber depended on the perturbing excitation
amplitude for inviscid jets. Although some nonlinear effects can be included using
the perturbation theory, the expansion quickly breaks down near pinching so the
perturbation theory is difficult to be extended to the regime close to the jet
breakup (Eggers 1997). Yuen (1968) examined an unstable inviscid jet subject to
a monochromatic disturbance and predicted the satellite droplet formation
condition. Pimbley and Lee (1977) further studied the satellite droplet formation
and found that the formation was least likely to occur when the main-drop spacing
was five to seven times the jet diameter. Rallison (1984) found that drops with a
low viscosity achieved a stable shape and were only broken by a high flow rate
fluid. On the numerical side, Lee (1974) found that the satellite drop volume
depended on the wavelength-jet diameter ratio using a finite-difference equation.
Reitz (1987) generated curve fits of numerical solutions for the dispersion
equation for the maximum growth rate and corresponding wavelength. Richards
et al. (1995) used the VOF–continuum surface force (CSF) method to estimate the
droplet size of liquid jet surrounded by a liquid medium. Eggers and Dupont
(1994) applied the second-order finite-difference scheme and slender jet
approximation for breakup physics. Wilkes et al. (1999) solved the twodimensional (2D) Navier–Stokes equation in droplet formation with a multiregion
mesh that changed as the drop evolved. While there are numerous efforts in
understanding the droplet formation dynamics, the systematic understanding of
droplet as a function of material properties and operating conditions is still
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missing. To date, no one has studied the effect of external excitation and/or carrier
stream on the droplet formation. This study aims to understand the underlying
relationship that controls the droplet size in single jetting with external excitation
and carrier stream in order to optimize the single jetting process.
Projecting liquid droplets from a nozzle into air is a phenomenon governed by
the mass and momentum balance equations. This problem will be solved
numerically with two different numerical methods. First CIJ is studied using the
volume of fluid (VOF) method for a Newtonian jet. Then the method of lines
(MOL) was used to solve the slender jet equations (1D) for studying a continuous
Newtonian jet. The MOL method was extended to a viscoelastic fluid jet using the
Oldroyd-B material model in order to capture the alginate ink behavior. These
numerical studies will be presented and discussed in the following sections for aid
in understanding the fundamentals of droplet formation.

7.2. Continuous inkjetting: volume of fluid method
A single continuous jet with the help of acoustic excitation and a carrier
stream is studied here. The objective of this study is to numerically model the
droplet formation process using nozzle jetting and further study the effects of
material properties and fabrication conditions on the formed droplet size.
Glycerol-water solution was selected as the ink material for as a viscous
Newtonian material.
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7.2.1. Physical problem
The fluid solution is ejected through the nozzle to form a smooth and
cylindrical jet under an external acoustic excitation. The undisturbed jet diameter
d J is approximately equal to, but maybe slightly larger than, the nozzle

diameter d N . An annular carrier stream is usually applied to assist the
microsphere formation and size control. Typically the acoustic excitation is
sinusoidal as follows:
p  p0  p0 sin(2ft )

(7.1)

where p is the applied pressure, p0 is the pressure amplitude, f is the excitation
frequency, and t is the time. The resulting wave length is a function of excitation
frequency f and jet velocity v J :

  vJ / f
To break the jet into uniform droplets in a desired droplet size, the excitation
should be tuned in terms of the pressure excitation amplitude and frequency.

7.2.2. Computational setup
In the volume of fluid (VOF) method is a numerical method for tracking a
free surface or the interface between two or more immiscible fluids. The
equations governing the flow are volume averaged directly to obtain a single set
of equations and the interface is tracked using a phase indicator function (also
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(7.2)

called the volume fraction or fraction function), denoted C which is smaller than
the droplets in the simulations. This is an advection scheme, as the grid is a fixed
Eulerian mesh that can accommodate the evolving interface.
Several assumptions have been made to simplify the modeling process: 1)
the fluid was Newtonian and incompressible, 2) the diffusion between the ambient
environment and fluid solution was negligible, and 3) the gravity effect was
negligible.
There are three cases for the fraction function: C=0 when the grid cell is empty;
C=1 when cell is full of fluid; and 0<C<1 when phase interface cuts the cell. This
gives the following governing flow equations:
Case 1: C=0  the averaging picks out phase 1. Mass and momentum
conservation equations for fluid 1:
1

   1u1   0
t

(7.3)



1u1     1u1u1     T1 
t

(7.4)

Case 2: C=1  the averaging picks out phase 2. Mass and momentum
conservation equations for fluid2:
 2

    2 u 2   0
t
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(7.5)



2u2     2u2u2     T2 
t

(7.6)

Case 3: 0<C<1  the averaging picks out a piece of the interface and both
phases. Mass and momentum balance and the jump condition with the volume
fraction:

C1     C1u1   0
t

(7.7)


(1  C )  2     (1  C )  2 u2   0
t

(7.8)




C1u1     C1u1u1     CT1   1  T1  n12dA
t
V A

(7.9)




(1  C ) 2u2     (1  C ) 2u2u2     (1  C )T2   1  T2  n21dA
t
VA

(7.10)

Jump condition:
1
V

  T
A



 
 
1

m12
dA
1  n12  T2  n 21 dA  

V A

(7.11)

In order to obtain single set of equations, averaged variables need to be
introduced:

  C1  1  C  2

(7.12)




T  CT1  1  C T2

(7.13)
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To get


   u   0
t

(7.14)

 
 
u     uu     T  f
t

(7.15)




where T   p   (u  v T )

(7.16)

Both implicit and explicit algorithms can be implemented for time
discretization in the VOF method. The implicit scheme uses standard finite
difference interpolation schemes to obtain the face fluxes for all the cells. This
scheme requires current time step information and therefore a standard scalar
transport equation must be solved iteratively for each of the secondary-phase
volume fractions at each time step. The explicit algorithm is based on the previous
time step information and standard finite difference schemes are applied to the
volume fraction values. In the explicit method, the stability of solution strongly
depends on the Courant number which is related to the flow velocity, flow
viscosity and element size. Although the implicit algorithm uses less total
computational time since it allows a relatively large time step, the explicit
algorithm was favored in the VOF implementation here since it can better capture
the interface between the liquid solution and the air. In this study the implicit
algorithm was used for other simulations except the VOF implementation.
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The fabrication process was modeled as a two-dimensional problem due to
its axisymmetric characteristics as shown in Fig. 7.1. A nozzle was modeled as a
cylindrical chamber that tapers into the tip with an orifice where the fluid was
ejected into air. The inlet radius of the nozzle chamber was 300 µm, the length of
the solution chamber was 1100 µm, the tapered region of the solution chamber
had a length of 660 µm, the orifice radius was 20 µm, and the air column had a
radius of 200 µm and a length of 2000 µm. The air column length was relatively
long in order to handle a highly viscous fluid stream. The wall that surrounded the
liquid solution chamber was specified as a wall boundary condition with no slip
and had 90 degree contact angles. The excitation pressure was employed as a
pressure boundary condition at the chamber inlet, and the carrier stream was
applied through a velocity boundary condition. The whole computational domain
had pressure outlets as shown in Fig. 7.1. The size and number of meshes were
important to achieving a stable convergence and precision with a reasonable time
step. The time step that gave a converged solution was found to be 1x10-8 s. The
number of elements was varied until a converged solution was found. The total
79,700 elements were quadrilateral. The simulation was performed using Fluent
6.3.
The pressure inlet is input as a sinusoidal wave as defined in Eqn. 7.1. The
magnitude of the pressure wave must be low enough to allow the jet to break
within the given domain, but high enough to eject the fluid from the nozzle. This
pressure amplitude range was found to be around 0.02-0.2 MPa, depending on the
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fluid properties. The pressure outlets are set to zero gauge pressure. The air carrier
stream is introduced as a velocity inlet boundary condition.

Pressure 300 μm
inlet
440 μm

Chamber with
glycerol solution

Radius = 250 μm
Air carrier
stream inlet

660 μm

Nozzle orifice
radius 20 μm
2000 μm

Pressure outlet
Radius = 200 μm

Z

Pressure outlet

Fig. 7.1 Schematic of computational setup

Glycerol volume

Density (kg/m³)

Surface tension

Viscosity (g/m-s)

percentage (%)

(Dow)

(mN/m)

(Dow)

(Lide 2007)
10

1029.1

70.3

1.26

20

1059.5

69.1

1.80

30

1088.6

68.2

2.71
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40

1116.1

67.6

4.28

50

1142.5

67.1

7.33

Table 7.1 Material properties of the glycerol-water solution

The complete definition of a computational fluid problem requires
material models that define the relationships among the flow variables. In this
numerical study, glycerol-water solution was selected as the model liquid solution
due to their wide applications in making biological solutions, and air was selected
as the carrier stream as shown in Fig. 7.1. The material properties such as the
mass density, viscosity, and surface tension are needed for computational
simulations. For the glycerol-water solution, the material properties are shown in
Table 7.1. For the air carrier stream, the density is 1.2 kg/m³, and the viscosity is
0.018 g/m-s.

7.2.3. Model validation
The droplet formation modeling approach here is first verified against the
classical droplet formation theory under no carrier stream. The breakup of liquid
jets into drops is due to the Rayleigh instability phenomenon. It was found that
the most unstable wave length and its associated wave numbers are the function
of the nozzle diameter (Rayleigh 1879). The practical range of acoustic wave
lengths for inviscid fluids to form uniform droplets was analytically and
experimentally determined as follows:
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7
d N    18d N
2

(7.17)

Then feasible acoustic excitation frequency range can be further determined as
follows:
vJ
2v
 f  J
18d N
7d N

(7.18)

The droplet diameter d D can estimated based on that the resulting droplet should
be equal to the volume of cylindrical jet element:
d D  (1.5d J2vJ / f )1 / 3  (1.5d N2 vJ / f )1 / 3  (1.5d N2  )1 / 3

(7.19)

Fig. 7.2 shows the comparison of microsphere diameter predictions and
measurements for different glycerol percentage solutions (10%, 20%, 30%, 40%,
and 50%) without the carrier stream applied. The analytical predictions were
calculated based on the inviscid case using Eqn. 7.19. The excitation pressure was
selected as 0.1 MPa and the frequency was 50 KHz in the simulation. The jet
velocity for Eqn. 7.19 was determined as the average velocity at the nozzle orifice
in the Fluent simulation. By comparing the two curves in Fig. 7.2, it can be seen
that the proposed numerical approach can reasonably model the droplet diameter
as it predicts the droplet size trend as the analytic solution (Eqn. 7.19). The
difference in amplitude of the two curves is due to the fact that the analytic
solution is simplified to predict only an inviscid fluid, and the fluids numerically
studied here are viscous, reducing the ejected volume of fluid from the nozzle.
The verified numerical approach is to be used for the parametric study in the
following sections.
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Fig. 7.2 Comparison of droplet diameter predictions and measurements for
different glycerol percentage solutions

7.2.4. Parametric study of droplet formation
To optimize the droplet fabrication process, a parametric study is
performed to investigate the effects of liquid material properties, pressure
excitation amplitude and frequency, and carrier stream velocity on the
microsphere diameter. If not specified, all the results were taken at time = 400 μs,
the carrier stream was 10 m/s, and the excitation frequency was 50 kHz and
amplitude was 0.1 MPa for the 10% glycerol solution. The investigated conditions
in the following sections were selected to better illustrate all different droplet
formation scenarios.
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The model computes the phase volume fraction based on the governing
equations, conservation of mass and momentum. From this result, the
microsphere diameter is measured manually. The glycerol volume fraction is an
input initially, then computed throughout the rest of the time duration. The
excitation frequency and pressure amplitude are inlet boundary conditions created
using a user defined function and the carrier stream velocity is a constant
boundary condition.

7.2.4.1 Effect of material properties
The effect of material properties has been studied by predicting the droplet
diameter using the five different glycerol volume percentages, 10%, 20%, 30%,
40%, and 50%. The percentages higher than 50% were not studied since it is
impractical to have droplets formed at such higher percentages. The change of
glycerol percentage directly changes the viscosity, surface tension, and density of
glycerol solution.
The driving force of the Rayleigh instability in jetting is that fluids, by
virtue of their surface tensions, tend to minimize their surface area and the
viscosity of the liquid jet tends to stretch the jet. As seen from Fig. 7.3, the droplet
diameter generally decreased as the glycerol volume percentage increased. The
diameter was measured after the satellite merged into the primary droplet,
capturing the full ejected volume.
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Fig. 7.3 Droplet diameter as a function of glycerol percentage

Table 1 shows that there is no pronounced change in the surface tension of
glycerol solutions from 10% to 50%, but the viscosity increases by almost six
times. The jet velocities were different for the different glycerol percentage
solutions, and a higher glycerol percentage solution, which had a higher viscosity,
led to a lower jet velocity. The resulting droplet diameter was smaller for a lower
jet velocity as seen from Eqn. 7.19. As a result, the increasing glycerol percentage
led to a decreasing microsphere diameter as observed in the simulation.
Fig. 7.3 also shows the droplet formation processes associated with each
glycerol concentration. It is found that only the 50% glycerol solution better
suppresses the satellite droplet formation, which means that a higher viscosity
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may help suppress the satellite droplet formation after achieving a critical Weber
number as discussed in (Ambravaneswaran et al. 2002).

7.2.4.2 Effects of acoustic excitation frequency and amplitude
Both the acoustic excitation frequency and amplitude also effect the
droplet formation. Fig. 7.4 shows the relationship between the droplet diameter
and the excitation frequency. It can be seen that the droplet was only formed
within a certain frequency range, and within that range the diameter decreased as
the excitation frequency increased. The wave length is inversely proportional to
the excitation frequency. With a higher frequency the wave length of the jet is
shortened, thus the volume of the broken jet which evolves into a droplet reduces.
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140 150

Excitation frequency (kHz)

Fig. 7.4 Droplet diameter as a function of excitation frequency
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A logarithmic relationship between the droplet diameter and the reciprocal
of excitation frequency is further depicted in Fig. 7.5 for both the model
predictions and the experimental measurement by Berkland et al. (2001). The
general increasing tendencies agree well with each other although there is a
discrepancy in the absolute diameter values due to different orifice diameters,
material properties, and operating conditions between this study and Berkland et
al. (2001).
It also should be noted that the droplet formation due to the jet instability is
closely related to the applied excitation frequency. When the frequency exceeds a
certain value, the wave length becomes so small to induce the instability that the
applied perturbing excitation is not capable of generating break-up of the jet.
Although the droplet diameter decreases as the excitation frequency increases,
there is a droplet size limit by only changing the excitation frequency. If the
frequency is higher than a certain value, there will be no droplet formed as seen
from Fig. 7.4 (for the 150 KHz excitation) as well as Eqn. 7.17 (although it is for
inviscid liquids only). Also, the applied frequency should be higher than a certain
value to form uniform microspheres. As seen from Fig. 7.4, there was no
microsphere formed at the 25 KHz excitation. The feasible frequency range for
droplet formation can be initially identified using Eqn. 7.18.
It was found that the wave length about five to seven the initial jet
diameters can better suppress the satellite formation (Pimbley and Lee 1977). Fig.
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7.4 shows that the frequency (70 KHz) better suppressed the satellite droplet
formation, and that wave length over the jet diameter ratio was about 6.05, which
frustrated the satellite formation.
Eqn. 7.19 predicts that the droplet diameter is proportional to (1/f)1/3. When
the natural log of the diameter is plotted against the natural log of 1/f a linear
slope of ~1/3 is found as expected. This is compared with Berkland et al.’s
(2001) experimental results showing good agreement with the 1/3 slope tendency.
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Fig. 7.5 Logarithmic relationship comparison of the droplet diameter versus the
reciprocal of excitation frequency

Fig. 7.6 also shows that the droplet diameter increased with the excitation
pressure amplitude. However, too high (such as 1 MPa in Fig. 7.6) or too low
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pressure amplitudes (such as 0 MPa) did not induce the droplet formation. As the
pressure amplitude increased, the fluid curls out from the jet and eventually
causes spray. In fact, when the pressure is very high the flow velocity becomes
very large. The high flow velocity leads to a large Reynolds number (the ratio of
inertial force to viscous force) so that a wavy jet may occur. On the other hand,
when the pressure is very low, a jet cannot be formed to induce the droplet
separation. Instead, the droplet may be caused by dripping. In this study, only the
lower pressure amplitudes (0.03 and 0.05 MPa) led to good droplet formation
with satellite droplets mainly suppressed.
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Fig. 7.6 Droplet diameter versus the excitation pressure amplitude
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7.2.4.3 Effect of carrier stream velocity
The carrier stream usually helps lead to a size attenuation of droplet and
an increased separation between individual droplets. The carrier stream flows
around the glycerol solution jet exiting the nozzle and travels with it toward the
receiving collection container. When the carrier stream velocity is higher than the
glycerol jet, the carrier stream impinges on the glycerol jet by squeezing it into a
jet with a reduced diameter. As a result, the carrier stream helps decrease the
formed droplet size.
The effect of the carrier stream velocity on the droplet diameter has been
investigated under the different velocities as shown in Fig. 7.7. It shows that as
the carrier stream velocity increased, the droplet size decreased as observed in an
experimental study (Berkland et al. 2001). The carrier stream also helped separate
the individual droplet with a larger interval distance. The carrier stream stretched
the glycerol jet especially when the carrier stream velocity was greater than the
glycerol stream velocity, resulting in a much reduced jet diameter. For all the
investigated cases, satellite droplets were observed.
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Fig. 7.7 Droplet diameter versus the carrier stream velocity

7.3. Droplet formation: method of lines
A forming liquid droplet is governed by the three dimensional conservation of
momentum and mass equations, as was done in the previous section using the
VOF method. But rather than solving the full three dimensional equations of
motion, a one-dimensional model can be solved when the thickness of the jet is
much smaller than the length (r<<l). A study by Ambravaneswaran et al. (2002)
has shown that the 1D approximation for droplet formation is a good predictor as
long as the inertial or viscous forces are not large compared to the surface tension.
A study by Furlani et al. (2011) showed that the 1D slender jet equations can be
solved using the method of lines (MOL). Others have solved the slender jet
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equations numerically: Furlani et al. (2011) for a viscous Newtonian fluid using
MOL, Li and Fontelos (2003) for an Oldroyd-B fluid using an explicit finite
difference scheme on a uniform grid, and Ardekani et al. (2010) for a Geisekus
fluid using an implicit method on a staggered grid. It is advantageous to solve the
1D problem when possible for ease of implementation and for keeping the
computational time and memory relatively low. The MOL with a trapezoidal
integration on a uniform grid will be used to study the filament thinning for
Newtonian and viscoelastic inks.
7.3.1. Numerical setup
This method is based on the equations obtained from the slender jet
assumption which involve the following variables: the radius h( z, t ) , the uniform
axial velocity u ( z, t ) for Newtonian jets and the two components of the “extra
stresses”  zz and  rr for viscoelastic jets. The slender jet approximation assumes
the hydrodynamic variables are uniform through the cross-section. This
assumption is good as long as interface overturning is negligible which occurs for
fluids with a low Oh (Ambravaneswaran et al. 2002). The following assumptions
are made for the one dimensional problem: 1) the liquid jet is axisymmetric along
nozzle centerline, 2) there is no wetting effect between fluid and nozzle, 3) the
working fluid is considered incompressible, 4) no gravitational effect, and 5) no
friction force at air-fluid interface. The conservative form of the governing
equations is written as follows:
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h 2 (h 2u )

0
t
z

(7.20)
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(7.21)
where the curvature at the interface is  and can be written as (Entov and Yarin
1984)
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(7.23)
The full expression for the mean curvature in the Laplace pressure is kept for
more accurate break-up analysis. The axial and radial stresses are  zz and  rr
respectively (Eqn. 7.24) which are based on the polymer stress contributions in
the axial (  zz ) and radial (  rr ) direction. The system of equations is not closed
until the stresses are related to the velocity by a fluid constitutive law. For the
Oldroyd-B model, the stress relations are as follows:
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The polymer stresses are governed by Eqns 7.25-7.26:

u
u
  zz

 u zz  2  zz   2
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z
p z
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 zz   

(7.25)
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(7.26)
Eqn. (7.20) and (7.24) are used to obtain the conservative form of Eqn. (7.27) as
done by Li and Fontelos (2003).

 (h 2u ) (h 2u 2 )    2 
u

   h  K  3s
 

  zz   rr  
z  z  
z

 t

(7.27)

In order to obtain the system of equations non-dimensionally, the time is
scaled by the capillary time  ca   R03 /  where  is the liquid density and  is
the surface tension and the length scale is the initial droplet radius at the nozzle
R0 .

The

Oh  0

resulting

dimensionless

groups

are

the

Ohnesorge

number

 R0 which represents the time for a viscous jet to break-up and the

Deborah number De  

 R03 /  which captures the amount of time for an

elastic jet to break, where  is the polymer relaxation time. The viscous ratio is
defined as   s 0 where  s is the solvent contribution and  0 is the total
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polymer viscosity. It should be noted that when the extra normal stresses

 zz ,  rr are zero the Newtonian model is recovered. The final system of nondimensional equations to be solved is: Eqns. (7.20), (7.28), (7.29) and (7.30)
subjected to periodic boundary conditions, that is h+=h- and u+=u-.
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The MOL numerical method takes the governing equations and discretizes the
spatial derivatives using finite differences, then marches forward in time using a
specified time integration scheme. In this study, central differences with a fourth
order approximation was used for the spatial derivatives and the trapezoidal
integration was used for the temporal derivatives. The time integration was
implemented using Matlab’s ode23t ordinary differential equation solver.
7.3.2. Model and method validation
The method of lines formulation in this work is bench-marked with the
Newtonian results from Furlani and Hanchak (2011) and the viscoelastic results
from Li and Fontelos (2003). In the Newtonian cases the dimensionless break-up
times are in good agreement with those found in Furlani and Hanchak (2011) for
the two different cases shown (Oh=200 and k=0.7 and 0.45). The viscoelastic
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cases evolve in time as they did in Li and Fontelos (2003) for two sets of
parameters (vs=0.79, vp=2.37 and De=94.9 and vs=0.25, vp=0.75 and De=300).
The bench-marked results from this study are shown in Fig. 7.8-7.10 for
Newtonian and viscoelastic respectively. When k is smaller, the wavelength is
longer, making it more likely for satellite droplets to form. Reducing the
wavelength or filament length helped in eliminating satellite droplet formation.
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Fig. 7.8 Newtonian ink with Oh=200 for different wave numbers in Furlani and
Hanchak (2011) (top row) and in this study (bottom row)
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Fig. 7.9 Comparison of MOL in this study (left) with matching cases from Li and
Fontelos (2003) (right) for vs=0.25, vp=0.75 and De=300 (two periods shown) at
times (top to bottom) t*=44, 45, 47, 48 and 50
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Fig. 7.10 Comparison of MOL in this study (left) with matching cases from Li
and Fontelos (2003) (right) for vs=0.79, vp=2.37 and De=94.9 (two periods
shown) t*=31.6, 55.6, 63.2, 94.9 and 158.1

The MOL method also predicts a similar result to that found with the VOF
method. The material properties for 10% glycerol were input and run in the MOL
scheme and compared with the VOF result from the previous section. The jet
shape just at pinch-off in MOL is in good agreement with the VOF shape; both
showing satellite formation (Fig. 7.11). The MOL domain was set to have a
wavelength that matched the VOF case by using Eqn. 7.2 (   v j / f ). The
frequency used in the VOF case and the resulting jet velocity were used to
calculate the wavelength (~ 193 µm) that would be input for the MOL conditions.
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With the matching domain and material properties, the results of the MOL agree
with the VOF simulation results. Furlani and Hanchack (2011) also showed that
MOL agrees with VOF results for an incompressible Newtonian perturbed jet.

Fig. 7.11 Glycerol-water solution (10%) modeled with VOF (top) and MOL

λ ~ 193 µm

(bottom) numerical schemes at pinch-off. Volume of primary droplet 0.25 nL in
VOF case with MOL droplet volume only 3% less

7.3.3.

Evolution of variables leading to pinch-off

The 1D MOL prediction is ideal for capturing the pinching dynamics for a
given material (Fig. 7.12). The Newtonian fluid pinches in a tapered conical shape
near the bulge until it breaks. The viscoelastic ink holds a long, straight filament
that abruptly attaches to the spherical head. As this thread continues to thin in
time, it does not taper is due to the strong elasticity that opposes break-up. The
molecular chains stretch keeping the spherical bulge attached until finally the
thread will become too thin to oppose the capillary pinching force. Fig. 7.12
shows two cases from the experimental section (a) water or c/c*=0 and c) 1.9%
alginate or c/c*=5.9) zoomed-in on the pinching point. Although the initial
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conditions are different for the experimental (DOD) and numerical (CIJ) cases,
the pinching behavior is the same for a given fluid. The shape at pinch off is a
h(x,t)

result of the fluid properties.

a)

b)

c)

d)

x

100 μm

100 μm

Fig. 7.12 Pinching behavior for water (Oh=0.14, De=0, β=1) in a) DOD
experiments (td=30 μs, ±70 V), b) in our MOL simulation; and with 1.9% alginate
(Oh=2.4, De=21.4, β=0.007) in c) DOD experiments (td=30 μs, ±70 V) and c) in
our MOL simulation

The velocity evolving along the jet fluid-air interface contributes to drive the
jet surface shape. In Fig. 7.13 the decaying jet radius is shown with the correlating
axial velocity. When the curvature is at a peak, where the pinching points
develop, axial velocity is at its peak amplitude, whether positive or negative.
When the droplet finally detaches from the filament, the tip of the droplet is
where the maximum velocity is located and the tail is the minimum velocity. This
difference in velocities at pinch-off will cause oscillations in the droplet as it falls
freely through the air.
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t*=17.0

t*=19.1

t*=20.1

t*=21.0

t*=21.2

a)

r(z,t)

b)

u(z,t)

Fig. 7.13 Qualitative correlation between a) shape and b) velocity development
for jet of water

Interesting behavior of the variables (h, u, σzz, σrr and K{h}) happens at
pinch-off, as this is a local mathematical singularity in the governing equations.
As the fluid approaches pinch-off the radius approaches zero: h(z,t)  0. In Fig.
7.14 the variables for a) water and b) for a viscoelastic fluid develop with the
shape are shown at pinch-off.

The normal polymeric stresses in the axial

(  zz ( z, t ) ) and radial (  rr ( z, t ) ) directions are depicted with a red and blue line
respectively and the axial velocity is shown with a black dashed line. The axial
stress is at a peak within the thread and is minimal inside the bulk of the fluid.
The molecular chains are stretched between the fluid bulges, creating a high
normal axial stress zone that will increase as the connecting filament thins. The
normal stress in the radial direction reaches a minimum in the thread and a
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maximum at the bulges. The radial pressure is overcome by the elastic stress in
the thread whereas the radial pressure dominates at the bulge as it has a larger
diameter increasing the hoop stress. The velocity shows regions of homogeneous
elongational flow in the thread where u( z, t )  mid z and regions of quasi-static
velocity inside the droplet which was also found for the viscoelastic fluid in Li
and Fontelos (2003).
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Fig. 7.14 Dimensionless variables at pinch-off for a) water and b) 1.9% alginate
where x* is the dimensionless length
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In this work, the full curvature term was considered (K{h}) rather than the
asymptotic curvature term (1/h). In a study by Ambravaneswaran et al. (2002) it
was shown that for a low viscosity fluid the errors are introduced and
compounded at every time step when 1/h is used rather than the full curvature.
The difference between these two terms can be seen in Fig. 7.15 a) for the
Oh=0.14 case (water). When Oh is higher, it is possible to make the simplification
for curvature. It can be seen in Fig. 7.15 b) that the full and asymptotic curvature
are very close for the Oh=2.4 case. The Oh=0.14 case shows a spike in the
curvature at the pinch-off points which can only be captured with the full
curvature term. The Oh=2.4 case has a more gradual change in the curvature at
the pinch points, allowing for the simplification 1/h to closely approximate the
curvature.
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Fig. 7.15 Variation with axial coordinate of shape (h), asymptotic curvature
(1/h) and full curvature term (K{h}) for a) low viscosity Newtonian fluid
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(water with Oh=0.14) and for b) viscoelastic fluid (1.9% alginate with
Oh=2.4, De=21.4, β=0.007)

7.3.4. Discussion of viscoelastic ligament thinning
The global thinning dynamics and finally break-up for a viscoelastic jet differ
from that of a Newtonian jet. When elasticity is present, the thinning is controlled
by elasto-capillariry: a competition between the capillarity (driving the jet towards
break-up) and the elastic effect (opposing jet break-up). The elasto-capillary limit
is defined as De/Oh >>1, meaning the viscous effects are not important in this
phase of thinning and break-up (Clasen et al. 2006). This is typical thinning
behavior for a viscoelastic fluid. The fluid ink may be viscous, but when the shear
stresses are high, the elastic effects become predominant, overshadowing viscous
effects. That is the extensional properties dominate in high stress zones during
thinning and break-up.
Extensional properties are difficult to directly measure with rheological
techniques. Extensional rheometers exist such as filament stretching devices or
the CABER device, but these are not ideal or even possible with low viscosity
fluids such as alginate. The temporally evolving jet can be used to extract these
properties. Four materials are used to study the spatiotemporal thinning dynamics:
water (c/c*=0), 0.5% (c/c*=1.6), 1.0% (c/c*=3.1) and 1.9% (c/c*=5.9) alginate.
The evolution of these jets are shown in Fig. 7.16 until break-up (tb*).
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Water: tb*=21

0.5% alginate: tb*=30

1.0% alginate: tb*=39

1.9% alginate: tb*=95

Fig. 7.16 Decaying fluid jets of different concentrations of alginate: water,
0.5%, 1.0% and 1.9%
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Water

0.5% alginate

1.0% alginate

1.9% alginate

Fig. 7.17 Comparison of thinning dynamics in terms of the surface shape (h)
until break-up: water t*= 17, 19, 20, 21; 0.5% alginate t*=20, 21.4, 22.8, 24.2,
28.5; 1.0% alginate t*=23.4, 27.3, 31.2, 35.1, 39; and 1.9% alginate t*=57, 66.5,
71.3, 76, 85.5, 95

Fig. 7.17 shows the tracking of the elasto-capillary thinning and break-up by
observing Rmid(t*) through dimensionless time (t*). The thinning as a function of
time is quantitatively represented in Fig. 7.18 for the four fluids. It can be seen
that the thinning follows one behavior for earlier times and a different behavior
for later times. These are two thinning regimes: inertial thinning (t*<tc*) and
elasto-capillary thinning (t*>tc*), where tc* is the critical time for a Newtonian
fluid to break up and for an Oldroyd-B fluid to begin exponential thinning.
Equation 7.31 shows the dimensionless mid-point of the filament thinning with
time with a slope of 1/3De. In the elasto-capillary regime, the strain rate is
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constant and can be obtained from Eqn. 7.32 which comes from the local strain
rate of a slender jet  

u
2 dR
.

z
R dt

 t * t c *
for t*  t c *
Rmid * (t*)  A * exp 
3De 


mid * 

2
3De

(7.32)

Water
0.5% alginate
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1.9% alginate
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10

Rmid(t*)
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-0.5

10

-0.8

10

20

40

60

80

100

t*

Fig. 7.18 Radius at mid-point evolution in time with elasto-capillary regime
fitted with Eqn. 7.19 with De=0 for water, De=6, De=8 and De=20 for 0.5%,
1.0% and 1.9% alginate respectively

The simulation results shown in Fig. 7.18 were run by inputting the
Deborah numbers found in the experimental section in Chapter 6 (Fig. 6.20a)
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for each c/c*. Then the simulations are run with the different De and the
thinning behavior is traced through time and plotted here in Fig. 7.18. The
MOL pinching results match well with those of Eggers and Dupont (1994)
and with Peregrine et al. (1980) and the trend found in the Chapter 6
experiments.

7.3.5. Drop-on-demand model setup for MOL
When DOD jetting is of interest, the numerical setup must also be altered:
namely the boundary conditions and the spatial domain. Rather than having a
moving reference following a wavelength of the jet through time as in the
continuous jet problem (described above), the reference can be fixed for DOD in
order to observe the fluid move through space with a free end and an end attached
to the nozzle orifice. This means the domain length will change as the fluid
stretches and thins in space and time, moving the tip location of the droplet. Using
conservation and the velocity and temporal shape (which are solved using the
same governing equations Eqns. 7.20 and 7.28-7.30), the droplet tip location can
be deduced and the solution stretched to the new length, using vtip 

dL
to obtain
dt

t

L(t )  L0   vtip ( s)ds . Figure 7.19 illustrates the numerical setup for the DOD
0

droplet formation problem. MOL can be implemented to solve this problem just
as in the continuous jet problem and will be done as a continuation of this thesis
work.
150

u0

L(t)
h(t,z)
z
Fig. 7.19 DOD jetting numerical setup for MOL
The boundary conditions at the upstream (nozzle orifice) position of the
ejected fluid can be input as time dependent velocity condition, depending on the
input waveform. The initial radius of the ejected fluid is the same as the orifice.
v  v(t ) and h(t )  R0 at z  0

(7.33)

The boundary conditions at the tip of the droplet are defined as follows:

v(t ) 

dL(t )
and h(t )  0 at z  L(t )
dt

(7.34)

The DOD problem initially starts with a quiescent flow and semi-spherical
fluid bulge at the orifice.
v( z )  0 and h( z )  1  z 2 at t  0
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(7.25)

The system of equations for the DOD problem can be solved using the
MacCormack predictor /corrector time stepping method. The equations can be
written as follows:

v


ln(
h
)




2
X 

 ; Y 

v
 v 
 H  3Oh 
z 


(7.36)

where X is the unknown variable and Y is the convection term. The predictor step
of the MacCormack method gives initial values to the variables:

X i*n1  X in 

t n
(Yi 1  Yi n )
x

(7.37)

where the *n+1 denotes an intermediate time step, which is necessary for
calculating the final corrector step. The corrector step gives the final solution
values of the variables at the current time step based on the previous time step (n)
and the intermediate step (*n+1).

1
t *n1

X in1   X in  X i*n1 
(Yi  Yi*n11 ) 
2
x


(7.38)

This method has been implemented by Adams and Roy (1984) and Yang
(2003) and others. It has been benchmarked as a viable method compared with the
three dimensional modeling such as VOF methods or the axisymmetric markerand-cell method done by Fromm (1982) (Adams 1984).
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7.4. Summary
In this chapter a code using the 1D method of lines (MOL) was developed for
studying the instability of Newtonian and Oldroyd-B continuous and discrete jets.
The MOL method was implemented for a continuous jet and compared with the
VOF method. It was found to be a viable method for a pinching jet and ideal for
implementing different material models. The MOL numerical method proposed in
this work was used to model sodium alginate droplet formation for a continuous
jet using the Oldroyd-B model. The thinning and pinching characteristics for the
Oldroyd-B fluid agreed with experimental findings, suggesting that this model in
MOL can be used to study a sodium alginate continuous jet. The continuous jet
differs from the DOD setup that was used in the experimental section of this
work. In DOD a pulse is introduced axially at the nozzle. It has an on/off pulse
boundary rather than a continuous flow-rate as in CIJ setup. The other difference
with DOD is the domain setup: the grid points must follow the droplet tip. Since
the jet length is constantly changing, the domain is constantly changing and must
be tracked. This has been done using a moving grid; a mixed Eulerian-Lagrangian
mesh (Adams and Roy 1984). The setup and formulation has been done in this
work, and the implementation and comparison with the experiments in this thesis
is the next step to show that DOD can also be modeled with MOL for aqueous
solutions of sodium alginate when using a moving grid.
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Chapter 8
Conclusions
8.1. Conclusions
In this dissertation, aqueous solutions of sodium alginate were printed under different DOD
waveform conditions and concentrations to investigate the effects on droplet formation.
Overall, the bipolar excitation is more robust in making single, uniform and spherical
alginate microspheres for its wide working range of material properties and operating conditions.
Some other key conclusions are listed as follows: 1) the bipolar excitation is more robust than the
tripolar excitation in general in terms of fluid viscosity, especially during the fabrication of
highly viscous materials such as the 2% sodium alginate solution, 2) for the both bipolar and
tripolar excitations, the sodium alginate concentration and the voltage dwell times should be
carefully selected to achieve a good microsphere formability, 3) the formability under a bipolar
excitation is sensitive to the sodium alginate and calcium chloride concentrations, the first dwell
time, and the first and second voltage amplitudes, and 4) the formability under a tripolar
excitation is sensitive to the sodium alginate and calcium chloride concentrations, the second
voltage amplitude, and the first and third voltage dwell times.
Although the microsphere fabrication was indicative of the waveform and concentration
influence, the study did not consider the gelation process or impact of the droplet onto the
substrate. It was found that the droplet formation dynamics are needed to know if the case was
truly successful or not.
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Since the dynamics heavily depend on the alginate rheology, the physical fluid properties
were determined. The elastic behavior was characterized by the polymer relaxation time which
3.0
was found described by a power law as eff  0.4 1  0.013  c c *  , which was similar as that



found in Haward et al. (2012) for cellulos ester. The apparent viscosities were measured for all of
the alginate concentrations (0-2.0% w/v) and found that the shear thinning effects are relatively
small, allowing this fluid to be considered a Boger fluid (elastic, but without shear thinning). It
was shown that with increasing reduced concentration the alginate behavior went through
different regimes: a dilute regime, then for c/c*>1 a semi-dilute regime first unentangled and
then for c/c*>3.8 entangled.
Choices of the voltage amplitude and the dwell time have been discussed to ensure the
formation of a unique repeatable droplet. The droplet once produced was characterized by its
size and its velocity. The results were obtained for both viscoelastic and Newtonian fluids, and
show that the voltage amplitude and dwell time are interdependent. The results were summarized
in phase diagrams (V, td) for different concentrations.
Then the alginate concentration was varied to understand the effects of adding polymer
for the DOD setup. Generally the time before rupture increases for increasing c/c* with a change
in the slope at the transition between the unentangled and entangled regimes. Interestingly the
break-up length (Lb) increases with the concentration until the coil overlap concentration is
reached, then Lb decreases due to entanglement. The maximum rupture length was found to
occur at c/c*=1, which matches results found by Xu et al. (2007) using cellulose ester polymer.
The ejection velocity must be measured for each waveform in order to characterize the
DOD process. As introduced by Clasen et al. (2011), the control of the instability depends on the
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smallest velocity between the inertia velocity U     R0 and the viscous velocity U   0 .
For DOD, it was found that the ejection velocity comes into play, leading to two nondimensional
numbers: We and Oh. For a viscoelastic jet, another velocity, characterizing the thinning of the
filament, can be introduced: the elastic velocity U   R0 eff . For DOD, the comparison of the
four velocities leads to three nondimensional numbers: We, Oh and De. In order to define the
conditions to obtain successful droplets, values for the three nondimensional numbers were
determined for each case across the dilute and semi-dilute regimes and have been summarized in
two maps. For “guaranteed” successful droplets the parameters should lie within the given
ranges: 150<We<260, 0.5<Oh<3 and 5<De<20.
Two numerical tools were implemented for inketting of Newtonian and viscoelastic fluids. A
volume-of-fluid method was used for modeling Newtonian fluids either as a single jet or
compound jet. The method-of-lines was formulated for Newtonian and viscoelastic fluids. The
two methods were used to study the droplet formation. The MOL is used for one-dimensional
governing equations and as such is much more efficient computationally than the axisymmetric
2D problem solved using VOF. The MOL can be used if the viscous and inertial effects are not
too high relative to the capillarity (Oh order 1). The method was used to study the ligament
thinning for a viscoelastic fluid. Since alginate is an elastic fluid with low viscosity (Oh~1) it
will undergo elasto-capillary thinning and MOL can be used to predict its extensional properties
as a type of numerical rheometer.
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8.2. Recommendations and future work
Aqueous solutions of sodium alginate have been printed with a DOD inkjetting system. The
fundamental droplet formation dynamics was characterized by its physical properties and the
process parameters. It is recommended for alginate that the molecular weight be measured or
deduced from the viscosity as ultra-dilute concentrations before use, as the properties vary
greatly from batch to batch and with external conditions, even small changes in temperature.
The relaxation time should be determined with the appropriate model, whether in the dilute
or semi-dilute regime. The physical properties need to be obtained for fluid characterization. For
each waveform used, the ejection velocity should be measured as was done in this work. With
the physical properties and the ejection velocity the entire DOD process and printed ink can be
characterized. The We, Oh and De should be determined and kept inside the ranges:
150<We<260, 0.5<Oh<3 and 5<De<20 when a single droplet is desired. The mapping results can
be extended to other polymers in the dilute, semi-dilute unentangled and semi-diltue entangled
regimes when shear thinning viscosity is negligible.
An important extension for this work is to add cells to the ink. The cell suspension may alter
the fluid dynamics during droplet formation and needs to be studied. To date, there is very little
on droplet formation with cell-laden matrix material. Then the effect of the DOD process
parameters and material properties on the cell viability and growth need to be understood for bioprinting applications.
The viscoelastic model should continue to be developed has to consider the dependency of
the concentration and the different regimes. The dilute case has been studied here, but semidilute models will include the storage and loss modulii of the polymer, which is still needed for
alginate. Also the MOL model can be implemented as a DOD setup with different boundary
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conditions. A DOD process and viscoelastic ink modeled in MOL would be highly useful for this
field.
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